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Foreword 


Acceleration  and  Radiation  Generation  in  Space  and  Laboratory  Plasmas 

Sixty-six  leading  researchers  from  ten  nations  gathered  in  the  Homeric  village  of  Kardamyli,  on  the  southern  coast  of 
mainland  Greece,  from  August  29-September  4,  1993  for  the  International  Workshop  on  Acceleration  and  Radiation 
Generation  in  Space  and  Laboratory  Plasmas.  This  Special  Issue  represents  a  cross-section  of  the  presentations  made  at 
and  the  research  stimulated  by  that  meeting. 

According  to  the  Iliad,  King  Agamemnon  used  Kardamyli  as  a  dowry  offering  in  order  to  draw  a  sulking  Achilles  into 
the  Trojan  War.  3000  years  later,  Kardamyli  is  no  less  seductive.  Its  remoteness  and  tranquility  made  it  an  ideal  venue  for 
promoting  the  free  exchange  of  ideas  between  various  disciplines  that  do  not  normally  interact.  Through  invited  presen¬ 
tations,  informal  poster  discussions  and  working  group  sessions,  the  Workshop  brought  together  leaders  from  the  labor¬ 
atory  and  space/astrophysics  communities  working  on  common  problems  of  acceleration  and  radiation  generation  in 
plasmas.  It  was  clear  from  the  presentation  and  discussion  sessions  that  there  is  a  great  deal  of  common  ground  between 
these  disciplines  which  is  not  at  first  obvious  due  to  the  differing  terminologies  and  types  of  observations  available  to  each 
community. 

All  of  the  papers  in  this  Special  Issue  highlight  the  role  collective  plasma  processes  play  in  accelerating  particles  or 
generating  radiation.  Some  are  state-of-the-art  presentations  of  the  latest  research  in  a  single  discipline,  while  others  investi¬ 
gate  the  applicability  of  known  laboratory  mechanisms  to  explain  observations  in  natural  plasmas.  Notable  among  the 
latter  are  the  papers  by  Marshall  et  al.  on  kHz  radiation  in  the  magnetosphere;  Barletta  et  al.  on  collective  acceleration  in 
solar  flares;  and  by  Dendy  et  al.  on  ion  cyclotron  emission. 

The  papers  in  this  Issue  are  organized  as  follows : 

In  Section  1  are  four  general  papers  by  Dawson,  Galeev,  Bingham  et  al.  and  Mori  which  serves  as  an  introduction  to  the 
physical  mechanisms  of  acceleration  and  radiation  generation  in  plasmas.  The  next  section  includes  state-of-the-art  papers 
on  laboratory  accelerators  driven  by  lasers  (Nakajima  et  al.,  Shukla,  Johnson  et  al.),  microwaves  (Nishida  et  al.,  Bogomolov 
et  al.)  and  by  particle  beams  (Ogata  et  al.).  Also  in  this  section  are  theoretical  papers  presenting  new  work  on  synchrotron 
like  oscillations  in  plasma  waves  (Fedele)  and  two  types  of  laboratory  radiation  sources,  FEL’s  (Marshall  et  al.)  and 
ionization  fronts  (Lai  et  al.),  and  Frantzeskakis  et  al.  described  the  Hamiltonian  analysis  of  a  slow-wave  autonomous 
cyclotron  buncher.  Section  3  contains  papers  on  astrophysical  plasmas,  with  the  general  presentations  of  Colgate  and 
Krishnan.  Kazanas  and  Krishnan  address  active  galactic  nuclei  (AGNs).  Thielheim  discusses  general  acceleration  mech¬ 
anisms  in  rotating  magnetized  systems.  Asseo  discussed  Langmuir  solitons  in  pulsars  and  Blackman  et  al.  treat  magnetic 
reconnection  relativistically.  Su  et  al.  analyze  the  possibility  of  plasma  wave  excitation  and  particle  acceleration  by  neu¬ 
trinos  from  supernovae.  Dogiel  et  al.  on  cosmic  ray  scattering  by  MHD  fluctuations. 

The  papers  in  Section  4  treat  fusion  plasmas  (Dendy  et  al.  and  Lashmore-Davies  et  al.).  Section  5,  space  plasmas,  includes 
papers  on  acceleration  processes  in  the  magnetosphere  (Anagnostopoulos  and  Marshall  et  al.)  and  the  sun  (Barletta  et  al). 

It  is  evident  from  the  Workshop  and  the  papers  collected  here  that  this  is  indeed  a  rich  field  of  investigations  and.  that 
both  the  natural  and  laboratory  plasma  communities  can  benefit  from  the  cross-fertilization  of  ideas  between  them. 
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DE-FG03-93ER40776  and  N00014-93-1-0814),  and  the  ECC  Twinning  Grant  SCl*-CT92-0773. 
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Mr  V.  Tataronis,  mayor  of  Kardamyli,  and  members  of  the  Kardamyli  organizing  committee  and  the  community  for  their 
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fully  acknowledged.  Finally,  a  special  thank  you  goes  to  Mr  S.  C.  Katsouleas  who  is  so  much  more  than  our  local 
organizing  chairman. 

R.  Bingham,  Oxford,  UK,  T.  Katsouleas,  Malibu,  CA,  USA,  J.  M.  Dawson,  Los  Angeles,  CA,  USA,  L.  Stenflo,  Umea,  Sweden. 


Physica  Scripta.  Vol.  T52,  7-12,  1994 


Plasma  Accelerators 

John  M.  Dawson 

University  of  California,  Los  Angeles,  Physics  Department,  1-130  Knudsen  Hall,  Los  Angeles,  CA90024,  U.S.A. 
Received  January  7, 1994 ;  accepted  April  22, 1994 


1.  Astrophysical  plasma  acceleration 

In  the  early  part  of  this  century  cosmic  rays  were  discovered 
by  physicists  [1,  2],  At  first  they  were  identified  only 
through  the  ionization  they  caused  in  air  and  were  thought 
to  be  high  energy  y-rays  [3].  Later,  because  of  the  earth’s 
magnetic  effects  on  them  and  the  tracks  they  left  in  cloud 
chambers,  they  were  found  to  consist  largely  of  very  ener¬ 
getic  charged  particles  [4].  The  sun  was  ruled  out  as  their 
source  (except  for  a  relatively  low-energy  component) 
because  they  rain  down  on  the  earth  essentially  iso¬ 
tropically.  Studies  showed  that  the  intensity  decreased  like  a 
power  law  of  the  energy  [5],  Cosmic  rays  have  been 
observed  up  to  energies  of  102OeV  [6],  It  is  clear  from  these 
observations  that  some  mechanisms  were  accelerating 
charged  particles  to  great  energy  at  least  within  our  own 
galaxy.  Whatever  the  acceleration  mechanisms  are,  they 
must  involve  electric  and  magnetic  fields  and  almost  certain¬ 
ly  plasmas  since  plasmas  are  so  prevalent  throughout  the 
universe. 

The  first  plausible  mechanism  for  cosmic  ray  acceleration 
was  proposed  by  Fermi  [7],  Clouds  of  gas  and  associated 
magnetic  fields  had  been  observed  in  space.  Fermi  proposed 
that  by  repeated  reflections  from  the  magnetic  fields  of  these 
randomly  moving  clouds  the  particles  would  become  ener¬ 
gized  ;  they  would  attempt  to  come  to  a  temperature  equiva¬ 
lent  to  that  of  the  random  motion  of  the  gas  clouds  which  is 
of  course  enormous  because  of  their  huge  mass.  Recently 
this  mechanism  has  been  generalized  to  include  scattering  of 
particles  from  waves  that  propagate  in  the  interstellar 
plasmas  and  in  shock  waves  surrounding  supernova  [8]. 

In  1968  pulsars  [9]  were  discovered.  It  was  soon  found 
that  these  pulsars  were  rapidly  rotating  neutron  stars  which 
contained  enormous  magnetic  fields  (~1012G);  the  mag¬ 
netic  dipole  is  generally  not  aligned  with  the  axis  of  rota¬ 
tion.  It  was  also  found  that  the  rate  of  spin  of  these  stars 
was  gradually  slowing  down  and  that  this  effect  could  be 
explained  by  the  radiation  a  spinning  dipole  should  emit. 
The  neutron  star  emits  very  powerful  electromagnetic 
waves.  The  fields  of  these  waves  (as  well  as  the  near  fields  of 
the  dipole)  are  so  large  that  charged  particles  are  accelerated 
to  cosmic  ray  energies  by  them.  That  such  processes  go  on 
is  clearly  seen  in  the  Crab  nebula  [10]  (and  other  super¬ 
nova  remnants)  where  the  presence  of  electrons  of  cosmic 
ray  energies  can  be  inferred  from  the  synchrotron  radiation 
they  emit. 

Radiation  from  other  pulsar  systems  has  also  been 
observed  to  be  very  energetic.  Cygnus  X-3  [11]  has  been 
observed  to  be  producing  y-rays  with  energies  of  at  least 
1015  eV,  which  implies  that  particles  in  this  system  are  accel¬ 


erated  up  to  at  least  1017eV.  This  acceleration  must  take 
place  within  a  region  the  size  of  the  system  (perhaps  much 
smaller),  i.e,  in  a  region  the  size  of  the  solar  system  or 
smaller.  Some  very  powerful  acceleration  mechanism  almost 
certainly  involving  plasma  exists  there. 

On  a  much  more  modest  scale,  but  neveretheless  quite 
impressive,  are  the  plasma  particle  acceleration  processes 
observed  on  the  sun.  At  times  of  large  solar  flares  the 
acceleration  of  both  ions  and  electrons  are  observed  [12]. 
They  are  observed  through  the  energetic  particles  that 
arrive  at  the  earth,  in  y-rays  coming  from  the  sun  which 
must  be  due  to  nuclear  collisions  involving  energies  up  to 
GeVs;  through  the  emission  of  intense  X-rays  which  indi¬ 
cate  that  electrons  are  accelerated  to  energies  of  a  few 
hundred  keV;  and  through  bursts  of  microwave  radiation 
which  indicate  that  there  are  beams  of  relativistic  electrons 
traveling  through  the  solar  atmosphere.  Such  events  clearly 
show  that  in  the  solar  plasma  large  energies  can  be  stored 
(probably  in  the  form  of  magnetic  fields)  and  that  this 
energy  can  be  suddenly  released  with  a  substantial  fraction 
of  that  energy  going  into  accelerated  particles  (both  ions 
and  electrons). 

All  this  evidence  indicates  that  strong  particle  acceler¬ 
ation  processes  exist  in  astrophysical  plasmas.  Recent  labor¬ 
atory  experiments  have  been  successful  in  producing 
impressive  accelerations  in  plasmas.  These  have  illuminated 
some  mechanisms  that  can  be  important  acceleration  pro¬ 
cesses.  We  will  return  to  astrophysical  plasma  accelerators 
later,  but  for  now  we  will  turn  to  particle  acceleration  in 
laboratory  plasmas. 

2.  Laboratory  plasma  accelerators 

2.1.  Some  history 

Here  on  earth  there  have  been  a  number  of  proposals  for 
using  plasmas  to  accelerate  particles.  Quite  a  few  of  these 
proposals  have  been  created  and  some  serious  experiments 
have  been  carried  out.  Many  of  these  have  not  succeeded 
because  of  the  perversity  of  plasmas.  However,  there  have 
been  some  successes.  Recently  there  has  been  spectacular 
success  using  the  laser  beat  wave  scheme. 

In  1967  it  was  proposed  [13]  that  dense,  non-neutral, 
relativistic  electron  rings  which  were  magnetically  confined 
would  trap  ions;  the  plan  was  to  trap  many  fewer  ions  than 
electrons.  The  idea  was  to  accelerate  the  ring  (which  has  a 
much  larger  charge-to-mass  ratio  than  ions)  by  more-or-less 
conventional  accelerator  means.  The  trapped  ions  would  be 
carried  along  and  reach  much  higher  energies  than  they 
could  in  standard  accelerators  of  the  same  size.  This  scheme 
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was  tried  in  the  USSR  [14]  and  US  [15]  but  plasma  prob¬ 
lems  with  control  and  stability  of  the  electron  rings  pre¬ 
vented  it  from  achieving  interesting  results. 

Another  method  that  was  tried  was  the  so  called  Auto- 
Resonance  Accelerator  [16]  in  which  an  energetic  electron 
beam  is  propagated  through  some  slow  wave  structure.  The 
waves  on  the  beam  are  negative  energy  waves,  exciting  the 
waves  decreases  the  energy  of  the  beam.  Bunches  of  ions 
introduced  into  the  beam  excite  the  negative  energy  waves 
which  transfers  energy  to  the  ions  and  accelerates  them.  By 
a  proper  choice  of  parameters,  the  accelerated  ions  and  the 
excited  waves  can  be  made  to  stay  in  phase  so  that  acceler¬ 
ation  continues  (auto-resonance).  Here  again  the  perversity 
of  plasmas,  the  many  degrees  of  freedom  they  possess  which 
can  be  excited,  often  lead  to  turbulent  behavior;  this  has 
prevented  the  construction  of  a  practical  device. 

2.2.  Plasma  beat  waves 

There  have  also  been  experiments  in  which  acceleration  was 
not  the  goal  but  in  which  substantial  acceleration  was 
observed.  In  particular  in  early  experiments  on  inertial 
fusion,  in  which  intense  lasers  illuminate  plasmas,  often  a 
population  of  energetic  electrons  (hundreds  of  keV  to  MeV 
energies)  was  produced  [17].  The  production  of  such  ener¬ 
getic  electrons  has  been  attributed  to  the  production  of  high 
phase  velocity  plasma  waves  by  parametric  instabilities  and 
by  mode  conversion.  These  waves  are  effective  electron 
accelerators.  Since  these  energetic  electrons  are  detrimental 
to  achieving  inertial  fusion,  efforts  have  been  made  to 
suppress  the  wave  generation  by  going  to  shorter  wave¬ 
length  lasers  which  penetrate  to  higher  density  plasma 
regions  where  collisional  effects  are  stronger  and  prevent  the 
wave  growth  [18].  These  efforts  have  been  successful  in 
getting  rid  of  the  high  energy  electrons. 

We  now  turn  to  a  plasma  accelerator  that  has  been  suc¬ 
cessful  at  least  on  a  modest  scale.  The  laser  experiments  sug¬ 
gested  that  one  might  be  able  to  accelerate  electrons  to  high 
energy  by  intentionally  generating  high  phase  velocity 
plasma  waves.  This  lead  to  computer  simulations  and  theo¬ 
retical  studies  of  the  “laser  wake  field”  and  “laser  beat  wave” 
techniques  for  plasma  acceleration  of  particles  [19,  20],  For 
the  laser  beat  wave  scheme,  two  intense  laser  beams  with 
different  frequencies  are  incident  on  a  plasma.  The  fre¬ 
quency  difference  of  the  two  lasers  is  equal  to  the  plasma 
frequency.  The  two  beams  have  regions  of  constructive  and 
destructive  interference.  The  result  is  a  series  of  intense  light 
pulses  moving  through  the  plasma  at  the  group  velocity  of 
light  (assuming  the  laser  frequency  is  large  compared  to  the 
plasma  frequency).  The  plasma  electrons  feel  periodic  light 
pressure  forces  x  B2  and  J2  x  BJ  which  are  at  the 
plasma  frequency.  The  plasma  responds  resonantly  to  these 
forces  and  large  amplitude  plasma  oscillations  build  up.  For 
the  case  of  the  laser  wake  field,  there  is  a  single  light  pulse 
less  than  half  a  plasma  wave  length  long  which  leaves  a 
wake  of  plasma  oscillations  behind  it. 

For  the  beat  wave  or  laser  wake  field,  the  plasma  waves 
have  a  phase  velocity  which  is  equal  to  the  group  velocity  of 
light  in  the  plasma;  this  is  very  close  to  the  velocity  of  light 
[|>,(EM)  =  up(P)  -  c(l  —  Wp/(o2)1/2].  Furthermore,  the  elec¬ 
tric  field  of  these  waves  can  be  very  large;  the  theoretical 
maximum  E  is  4ne2n<,c/(op  and  is  determined  by  wave  break¬ 
ing.  The  magnitude  of  this  electric  field  is  £  =  nc1/2V/cm 


where  ne  is  in  electrons  per  cm3;  for  an  electron  density  of 
1016  per  cm3,  this  gives  the  enormous  field  of  108V/cm. 
Theoretical  studies  show  that  as  the  intensity  approaches 
this  value,  the  relativistic  mass  increase  of  the  electrons 
shifts  the  plasma  frequency  and  resonance  is  lost  [21]. 
Nevertheless,  the  intensity  can  be  a  substantial  fraction  of 
the  maximum  possible.  Theoretical,  computer  simulation, 
and  recently  experimental  studies,  show  that  values  of  the 
order  of  30%  of  the  theoretical  maximum  value  can  be 
achieved. 

Since  the  phase  velocity  of  the  plasma  wave  is  slightly  less 
than  the  speed  of  light,  the  accelerated  electrons  ultimately 
outrun  the  wave;  there  is  a  maximum  energy  [20]  to  which 
the  electrons  can  be  accelerated.  By  going  to  a  frame 
moving  with  the  phase  velocity  of  the  plasma  wave,  comput¬ 
ing  the  energy  of  a  particle  just  reflected  by  the  wave,  and 
then  transforming  the  energy  of  such  a  reflected  particle 
back  to  the  lab  frame,  one  can  show  that  the  maximum 
energy  the  electron  can  be  accelerated  to  is  W  =  2ey2mc2 
where  y  =  (1  —  t?2/c2)_1/2  =  w/op,  e  is  the  ratio  of  the 
amplitude  to  the  maximum  possible. 

As  we  mentioned  earlier,  there  is  a  limit  on  the  energy 
that  the  plasma  beat  wave  can  reach  due  to  the  fact  that  the 
phase  velocity  of  the  beat  wave  is  slightly  slower  than  the 
velocity  of  light.  One  would  like  to  have  a  method  to 
prevent  the  particles  from  out  running  the  beat  wave. 
Working  on  this  problem  and  with  his  knowledge  of  surfing, 
Tom  Katsouleas  [20]  came  up  with  the  idea  of  the  sur- 
fatron.  He  realized  that  if  one  could  make  the  particle  move 
at  a  slight  angle  to  the  direction  of  the  waves  propagation, 
even  if  the  particle  was  moving  with  the  speed  of  light,  it 
could  stay  in  phase  with  the  accelerating  wave.  This  is 
similar  to  what  a  surfer  does  when  he  rides  a  wave;  he  goes 
at  an  angle  to  the  wave  so  as  not  to  outrun  it  and  thus  gets 
a  much  longer  ride.  He  realized  that  one  could  achieve  a 
similar  effect  with  plasma  waves  if  one  put  the  plasma  in  a 
small  B  field  perpendicular  to  the  direction  of  propagation 
of  the  plasma  wave.  The  sideways  deflection  of  the  particle 
by  the  magnetic  field  lead  to  its  moving  across  a  phase  front 
and  unlimited  acceleration  of  properly  phased  particles 
could  be  achieved.  There  are  many  situations  in  which  this 
type  of  surfing  mechanism  can  result  in  very  high  energy 
particles,  this  is  particularly  true  in  astrophysics  [22], 

Some  other  important  properties  of  the  plasma  beat  wave 
scheme  are  the  following: 

1.  Nonlinear  effects  in  the  plasma  make  the  light  waves 
self-focus;  there  is  a  limiting  size  to  the  focused  beam  of  a 
few  times  c/a>p . 

2.  The  plasma  wave  is  focusing  for  the  accelerated  par¬ 
ticles  over  half  the  accelerating  portion  of  the  wave  (£ 
wavelength). 

3.  The  region  of  wave  excitation  and  the  length  of  the 
accelerating  wake  need  not  be  very  long  since  the  exciting 
laser  beams  and  the  accelerated  particles  move  along 
together  (at  almost  the  speed  of  light).  Thus,  turbulent 
effects  do  not  have  time  to  grow  before  the  exciter  and  the 
accelerated  particles  have  passed  on;  the  turbulence  is  left 
behind  and  cannot  catch  up  with  the  accelerated  electrons. 

Early  experiments  on  the  plasma  beat  wave  showed  clear 
evidence  of  the  generation  of  the  expected  plasma  wave 
[23].  Some  experiments  [24]  showed  evidence  of  energetic 
electron  production  (~  1-2  MeV).  However,  systematic 
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demonstration  of  the  acceleration  process  turned  out  to  be  a 
difficult  experiment.  This  was  largely  due  to  subtle  side 
effects  (such  as  small  stray  non-reproducible  magnetic  fields 
associated  with  the  plasma  production). 

2.3.  UCLA  plasma  Beat  Wave  Experiment 
UCLA  has  recently  carried  out  a  very  successful  Beat  Wave 
Accelerator  experiment  [25].  A  schematic  of  the  experiment 
is  shown  in  Fig.  1.  A  C02  laser  is  operated  on  two  wave¬ 
lengths,  10.59  pm  and  10.29  pm.  This  gives  beat  resonance 
with  the  plasma  frequency  for  a  plasma  density  of  roughly 
nc  =  1016percm3.  The  laser  delivers  60  J  in  the  10.59  pm 
line  and  10  J  in  the  10.29pm  line;  the  duration  of  the  laser 
pulse  is  approximately  300  ps.  The  laser  is  focused  into 
hydrogen  gas  at  between  100  and  200mTorr.  At  the  focal 
spot  the  intensity  rises  to  1013-1014W  per  cm2,  which  is 
enough  to  cause  tunneling  ionization  (the  laser  field  is  com¬ 
parable  to  the  field  binding  the  electrons  to  the  atoms).  The 
gas  rapidly  ionizes  when  the  intensity  goes  above  the  critical 
field  for  tunneling  ionization;  full  ionization  takes  about  a 
ps  (shown  in  Fig.  2);  every  atom  undergoes  ionization.  The 
gas  is  thus  converted  to  a  plasma  whose  density  is  equal  to 
the  atomic  density  of  the  gas.  Since  the  beating  EM  waves 
already  exist  in  the  plasma,  the  beat  wave  builds  up  rapidly 
to  a  large  amplitude. 

Since  the  plasma  density  is  only  10“ 3  of  the  critical 
density,  refraction  by  the  plasma  is  negligible.  The  intensity 
is  also  below  the  critical  intensity  for  self-focusing  so  the 
laser  intensity  is  almost  that  given  by  focusing  the  light  in 

Overview  of  heatwave  experiment 
•  Experiment  consists  of  five  major  components... 
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Fig.  1.  Schematic  of  UCLA’s  BWA. 


Fig.  2.  Gas  ionization  by  tunneling  ionization  showing  1  Ps  ionization 
time. 


the  vacuum.  Thus,  the  laser  intensity  is  high  and  roughly 
constant  over  a  Rayleigh  length  which  is  a  little  more  than  a 
cm  for  the  lenses  used.  The  diameter  of  the  focal  spot  is 
300  p  and  the  laser  intensity  at  the  spot  is  a  few  times 
1014  W  per  cm2.  The  yp  associated  with  the  phase  velocity  of 
the  beat  wave  [(1  —  t;2 /c2)_1/2]  is  32. 

A  test  electron  beam  at  2  MeV  was  focused  into  the  beat 
wave  region.  This  beam  was  generated  by  a  commercial 
industrial  linear  accelerator;  it  produced  a  series  of  pulses, 
each  one  lasting  about  one  ps  and  with  bunches  following 
each  other  at  intervals  of  lOOps.  The  situation  is  shown  in 
Fig.  3.  The  electron  bunches  are  not  synchronized  with  the 
laser  but  since  the  laser  pulse  lasts  100  ps,  an  electron  bunch 
will  overlap  the  beat  wave  at  some  stage  in  its  development. 
An  electron  bunch  is  sufficiently  long  to  overlap  many  beat 
wave  wavelengths;  thus  all  possible  phases  of  acceleration 
and  deceleration  are  present.  However,  the  peak  energy 
achieved  does  depend  on  whether  the  bunch  arrives  during 
the  build-up  of  the  beat  wave,  at  its  peak,  or  in  its  decaying 
portion. 

After  the  electrons  leave  the  accelerating  region,  they 
enter  an  energy  analyzer.  This  consists  of  a  slit,  a  magnetic 
field  that  focuses  electrons  of  different  energies  at  different 
points,  and  a  series  of  detectors  which  detect  how  many 
electrons  are  deflected  to  a  certain  detector.  There  is  a  dump 
for  the  unaccelerated  electrons;  this  is  specially  shielded  so 
that  X-rays  from  the  dump  do  not  create  spurious  signals 
on  the  detectors.  This  set  up  is  shown  in  Fig.  4. 

Results  from  a  series  of  experiments  carried  out  in 
1992-93  are  shown  on  Figs  5  and  6.  Figure  5  shows  the 
number  of  electrons  observed  vs.  energy  for  a  large  number 
of  shots.  You  see  there  are  electrons  accelerated  up  to 
30  MeV.  There  are  also  many  electrons  accelerated  to  a 
lesser  extent;  as  mentioned  above  this  is  due  to  their  phase 
in  the  beat  wave  as  well  as  when  the  bunch  comes  with 
respect  to  the  peak  beat  wave  intensity.  One  even  sees  elec¬ 
trons  that  have  been  decelerated  by  the  wave  as  expected. 

The  fact  that  electrons  are  accelerated  to  30  MeV  is  very 
important.  First  this  shows  that  electric  fields  are  generated 
that  are  roughly  3  GeV  per  meter  (the  exact  value  depends 
on  the  length  of  the  accelerating  region  and  how  the  inten¬ 
sity  varies  with  position  in  the  focal  spot  region;  these  are 
not  exactly  known  but  the  accelerating  region  is  in  the 
range  of  1-2  cm).  This  is  the  largest  coherent  man-made 
accelerating  field  to  date;  it  implies  that  the  electron  density 


Expected  evolution  of  laser/plasma/linac 

quantities  at  best  focus _ 

Ionization  complete  by  30  psec,  wave  saturated  by  1 1 0  psec. 


•  One-in-ten  chance  of  micropulse  hitting  saturated  field  value. 


Fig.  3.  Electron  bunches  entering  the  region  of  the  BW. 
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perturbation  in  the  wave  is  ~30%.  The  second  important 
aspect  of  achieving  30MeV  is  that  the  electron  y  is  larger 
than  yp  of  the  wave.  This  means  that  in  the  wave  frame  the 
electron  velocity  has  been  reversed ;  in  other  words  electron 
trapping  by  the  wave  has  occurred.  If  the  beat  wave  existed 
over  a  sufficient  distance  (~10cm),  the  electrons  would 
reach  an  energy  of  roughly  300  MeV  at  which  point  they 
would  start  to  decelerate. 

Figure  6  shows  tracks  made  by  accelerated  electrons 
when  a  cloud  chamber  is  placed  at  the  location  of  one  of  the 
detectors.  In  this  case  the  cloud  chamber  collected  electrons 
at  an  energy  of  5.6  MeV.  The  curvature  is  that  expected  for 
5.6  MeV  electrons  in  the  magnetic  field  of  the  cloud 
chamber.  From  the  density  of  tracks  in  the  cloud  chamber 
when  the  bending  magnet  is  turned  off,  one  can  estimate  the 
number  of  electrons  captured  by  the  wave  and  accelerated; 
it  turns  out  to  be  a  few  per  cent. 

2.4.  Plasma  wake  field  accelerators 

A  second  means  of  generating  plasma  waves  for  particle 
acceleration  is  by  sending  a  bunch  of  high  energy  electrons 
through  the  plasma  [26].  The  bunch  leaves  a  wake  of  longi¬ 
tudinal  plasma  waves  behind  it;  the  phase  velocity  of  the 
waves  matches  the  velocity  of  the  bunch,  which  for  rela¬ 
tivistic  electrons  is  very  near  the  speed  of  light  (trp  =  c[l 
—  2?e]1/2)-  For  energies  of  50  MeV,  yE  =  100,  the  phase 
velocity  differs  from  c  by  only  5  parts  in  105. 

One  might  think  that  it  is  strange  to  use  electrons  to 
accelerate  electrons;  why  not  simply  use  the  initial  linear 


accelerator  to  accelerate  the  electrons  to  the  desired  energy? 
The  answer  to  this  is  that  the  plasma  can  be  used  as  a  trans¬ 
former;  a  bunch  containing  a  large  number  of  electrons  can 
be  used  to  accelerate  a  bunch  containing  many  fewer  elec¬ 
trons  to  a  much  higher  energy.  To  do  this  the  first  bunch 
must  be  shaped  so  that  its  density  increases  from  a  small 
value  at  the  front  to  a  large  value  at  the  back  where  it  falls 
rapidly  to  zero.  If  the  bunch  is  much  longer  than  c/a>p ,  then 
as  it  enters  a  region  of  plasma,  the  plasma  electrons  are 
repelled  out  so  as  to  keep  the  combination  of  the  plasma 
and  bunch  almost  neutral ;  very  little  electric  field  is  produed 
to  slow  down  the  bunch.  As  the  bunch  leaves  a  region,  the 
plasma  is  suddenly  left  in  a  non-neutral  state  and  large 
plasma  oscillations  are  generated.  The  situation  is  shown  in 
Fig.  7.  The  ratio,  R,  of  the  electric  field  of  the  wave  to  that 
slowing  down  the  driving  bunch  is 

R  —  2nlb  ajp/c, 

where  Zb  is  the  bunch  length.  This  so-called  transformer 
ratio  can  easily  be  in  the  range  of  10  to  100  so  that  the 
accelerated  electrons  can  reach  energy  orders  of  magnitude 
larger  than  the  driver  bunch  energy.  This  can  be  done  in  a 
short  plasma  region. 

This  method  for  accelerating  electrons  has  been  investi¬ 
gated  extensively  by  means  of  computer  modeling.  Figure  8 
shows  some  results  obtained  by  J.  J.  Su  at  UCLA  [27].  It 


Tracks  from  accelerated  electrons  in 


•  with  ext.  B-field 

Electron 
monochrometer 
set  to  5.2  MeV. 

Measure  radius  of 
curvature  observed  in 
tracks  confirms  that 
these  are  indeed  5.2 
MeV  electrons. 


Fig.  6.  Cloud  chamber  tracks. 


Cumulative  electron  energy  spectrum 

•  Data  acquired  over  many  laser  shots 

•  Spectrum  falls  rapidly  on  both  sides  of  injection  energy 

•  Electrons  observed  out  to  30  MeV 


Electron  energy  (MeV) 


Fig.  5.  Number  of  electrons  vs.  energy  showing  energies  to  30  MeV. 
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Fig.  7.  WFA  generating  a  large  transformer  ratio. 
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Fig.  8.  Energy  history  of  a  test  accelerated  particle  vs.  time,  (a)  y  starts 
from  150  at  t  =  0  then  increases  to  1840  at  <opt  ~  6000.  (b)  Energy  loss  of 
driving  particles. 


shows  the  slowing  down  of  a  driving  bunch  and  the  acceler¬ 
ation  of  trailing  electrons  for  a  one-dimensional  simulation. 
Both  the  driving  bunch  and  the  accelerated  electrons  start 
out  at  75  MeV  (y  =  150).  The  driving  bunch  looses  about 
75%  of  its  energy  before  it  breaks  up.  The  accelerated  elec¬ 
trons  accelerate  up  to  essentially  1  GeV  before  the  acceler¬ 
ation  becomes  ineffective. 

Clearly  if  the  above  calculation  is  correct,  a  large  fraction 
of  a  driving  beam’s  energy  can  be  converted  into  plasma 
wave  energy  which  is  effective  for  accelerating  electrons  (or 
positrons).  Real  systems  are  not  one-dimensional  and  we 
must  ask  what  happens  for  real  bunches.  To  address  this 
question,  J.  J.  Su  [28]  has  made  two-dimensional  simula¬ 
tions  of  the  bunch  evolution  and  the  wakes  generated. 
Figures  9  and  10  show  some  results  from  these  simulations. 
Figure  9  shows  what  happens  to  the  bunch  if  it  is  cold.  One 
can  clearly  see  the  bunch  soon  begins  to  filament;  if  this 
happens  the  bunch  is  no  longer  effective  for  generating 
wakes  suitable  for  accelerating  particles.  The  time  (or 


Fig.  9.  The  time  development  of  monoenergetic  driving  and  accelerated 
bunches  in  real  space  r  vs.  z  at  (copf  =  43.75,  68.75,  93.75,  118.75,  143.75, 
and  168.75).  The  filaments  processed  to  coalesce  into  large  filaments. 


distance)  for  filamentation  break-up  is  proportional  to  its  y 
to  the  one-half  power,  whereas  the  time  (or  distance) 
required  for  the  bunch  to  loose  most  of  its  energy  to  the 
plasma  wave  is  proportional  to  y.  Thus  for  high  y  bunches 
the  break-up  would  occur  long  before  it  had  deposited  its 
energy  in  the  wake  unless  this  filamentation  can  be  sup¬ 
pressed.  One  way  to  overcome  this  effect  is  to  give  the  elec¬ 
trons  in  the  bunch  a  finite  amount  of  transverse  velocity 
(emissivity)  so  that  the  filaments  disperse  faster  than  they 
grow.  It  turns  out  that  the  driving  bunch  electrons  only 
need  75keV  transverse  energy  spread,  independent  of  the 
bunches  total  energy,  to  achieve  this.  Figure  10  shows  the 
result  of  giving  the  bunch  this  much  random  transverse 
energy.  There  is  no  trace  of  the  filamentation  instability  in 
this  figure.  Thus  it  appears  that  we  can  maintain  a  coherent 
bunch. 

Another  important  question  is  the  efficiency  with  which 
plasma  wave  energy  can  be  converted  to  accelerated  particle 
energy.  This  question  applies  to  both  the  laser  beat  wave 
and  the  plasma  wake  field  accelerator.  This  question  was 
extensively  investigated  by  Scott  Wilks  in  his  Ph.D.  thesis  at 
UCLA  [29].  He  finds  that  by  proper  choice  of  the  acceler¬ 
ated  bunch  number  and  position  in  the  wave,  it  can  absorb 
a  large  fraction  of  the  waves  energy  (~30%).  It  is  also 
possible  to  do  this  while  maintaining  the  quality  of  the 
bunches  emittance  if  the  diameter  of  the  accelerated  bunch 
is  small  compared  to  the  diameter  of  the  driving  bunch.  This 
insures  that  the  accelerated  electrons  all  see  nearly  the  same 
accelerating  field  and  their  synchrotron  oscillations  cause 
them  to  further  average  the  fields  they  see  over  the  acceler¬ 
ated  bunch.  Even  a  small  bunch  is  able  to  absorb  energy 
from  a  much  wider  plasma  wave  just  as  electrons  in  a  con¬ 
ventional  linear  accelerating  cavity  absorbs  energy  from  the 
whole  cavity.  These  problems  were  explored  extensively  in 
the  Ph.D.  theses  of  Su  and  Wilks,  both  theoretically  and  by 
computer  simulation.  Their  results  show  that  plasma  accel¬ 
erators  can  accelerate  electrons  or  positrons  without 
increasing  the  bunch  emittance. 

Often  the  question  of  emittance  growth  due  to  Coulomb 
scattering  of  the  accelerated  particles  by  the  background 
plasma  is  raised.  Because  the  particles  very  quickly  reach 
highly  relativistic  velocities,  these  cross-sections  are  very 
small,  only  a  small  fraction  of  a  Barn.  Even  for  the  fields 
already  achieved  in  Joshi’s  experiment  (~3GV/m),  one  can 


Fig.  10.  Phase  space  pr  vs.  r  of  the  driving  beam  with  an  energy  spread 
T1  =  25keV. 
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reach  energies  of  1015eV  without  appreciable  scattering. 
These  arguments  do  not  mean  that  it  will  not  be  a  difficult 
technological  feat  to  accelerate  a  high  quality  beam  without, 
emittance  growth,  but  only  that  the  laws  of  physics  allow  it. 

The  idea  of  the  plasma  wake  field,  at  least  in  is  simplest 
form  (no  bunch  shaping),  has  been  tested  by  experiments. 
This  was  first  done  by  Rosenzweig  at  Argon  [30],  Sub¬ 
sequent  tests  were  carried  out  at  KEK  by  Nakanishi  [31]. 
All  these  experiments  have  confirmed  the  predictions  of  the 
theory.  What  is  called  for  now  are  experiments  which  will 
accelerate  significant  numbers  of  particles  to  substantially 
higher  energies  than  they  start  with;  experiments  that  test 
the  ideas  of  achieving  large  transformer  ratios,  and  experi¬ 
ments  that  demonstrate  that  the  quality  of  the  beam  can  be 
maintained  during  the  acceleration  process. 

2.5.  Some  closing  remarks 

We  have  emphasized  the  acceleration  of  particles  to  very 
high  energies  using  plasma  wave  accelerators  in  astro- 
physical  situations  and  in  laboratory  experiments.  However, 
there  are  many  uses  of  modest  energies  in  science,  industry, 
and  medicine.  Plasma  accelerators  might  provide  very 
compact  accelerators  for  these  modest  energies.  This  might 
be  achieved  without  the  high  voltage  that  conventional 
accelerators  need.  This  feature  could  open  up  many  applica¬ 
tions  that  are  not  now  possible.  One  feature  of  these  plasma 
accelerators  that  may  find  wide  use  is  the  fact  that  they  can 
produce  a  series  of  very  short  electron  bunches  (~10p),  one 
coming  every  picosec  or  less.  These  could  be  used  to  make 
stroboscopic  light  and  X-ray  sources  that  can  be  used  to 
diagnose  very  fast  physical  processes,  such  as  the  dynamics 
of  chemical  reactions. 
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Abstract 

The  present  understanding  of  the  magnetic  field  lines  reconnection,  both 
the  externally  driven  and  spontaneous  ones,  is  reviewed.  The  discussion  of 
the  theory  is  centered  around  the  nonlinear  limitation  of  the  reconnection 
rate.  Modification  of  the  magnetic  field  structure  in  the  region  of  plasma 
outflow  by  the  plasma  current  near  the  neutral  X-line  limits  the  reconnec¬ 
tion  rate  to  the  value  lower  than  that  given  by  Petschek.  In  collisionless 
plasma  the  ion  trapping  by  the  space  charge  near  the  X-line  imposes  slight¬ 
ly  weaker  limitation.  The  structure  of  the  dissipation  region  in  the  case  of 
nonvanishing  (sheared)  magnetic  field  is  described  for  the  tearing  mode 
reconnection  and  the  implications  of  this  analysis  for  the  externally  driven 
reconnection  of  the  strained  magnetic  field  lines  are  discussed. 


1.  Introduction:  Limitations  of  the  Petschek  model  of  MHD 
reconnection 

Reconnection  of  magnetic  field  lines  was  defined  by  Axford 

[1]  as  a  change  in  the  plasma  elements  which  are  connected 
by  a  given  field  line  (Fig.  1).  Plasma  elements  initially  con¬ 
nected  by  magnetic  field  lines  can  become  connected  to  dif¬ 
ferent  plasma  elements,  which  are  widely  separated  from  the 
original  plasma  elements  by  a  distance  independent  of  the 
plasma  resistivity  (see  more  detailed  discussion  in  Strauss 

[2] ).  We  should  mention  also  that  the  magnetic  reconnec¬ 
tion  is  accompanied  by  a  change  in  the  topology  of  the 
magnetic  field  lines  frozen  into  the  plasma  flow  everywhere 


(a) 


t 
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Fig.  1.  At  the  time  tl  the  magnetic  field  line  defined  by  the  fluid  elements  A 
and  B  approaches  a  more-or-less  oppositely-directed  field  line  defined  by 
the  fluid  elements  C  and  D.  At  the  time  t2  the  two  field  lines  touch  at  some 
intermediate  point  between  A  and  B  and  between  C  and  D.  At  the  time  f3 
the  connection  between  A  and  B  and  between  C  and  D  is  broken  and  the 
field  line  defined  by  the  fluid  elements  A  and  D  moves  away  from  the  field 
line  defined  by  the  fluid  elements  B  and  C  [1]. 


besides  the  singular  planes,  lines  or  points.  The  most 
popular  model  of  the  fast  magnetic  reconnection  was  pro¬ 
posed  by  Petschek  [3]  for  the  uniform  two-dimensional 
magnetized  plasma  flow  driven  externally  (Fig.  2).  Here,  the 
external  uniform  plasma  flow  coupled  with  the  frozen  mag¬ 
netic  field  lines  (I)  provides  the  inflow  of  the  magnetic  field 
lines  into  the  reconnection  region  (III)  near  the  neutral 
X-line,  where  the  frozen  in  condition  is  violated  due  to  the 
finite  plasma  resistivity.  The  size  of  this  region  is  defined 
solely  by  the  boundary  condition  since  the  velocity  of  the 
external  flow  should  be  matched  here  with  the  velocity  of 
the  plasma  diffusion  into  the  reconnection  region 


where  uz  is  the  velocity  of  the  external  flow,  c  -  the  speed  of 
light,  a  -  the  plasma  electrical  conductivity,  d,  -  the  half¬ 
thickness  of  the  reconnection  region.  In  the  reconnection 
region  the  magnetic  field  lines  reconnect  in  the  manner 
described  by  Parker  [4]  and  Sweet  [5].  The  reconnected 
field  lines  are  exhausted  from  the  sides  of  this  region  with 
about  the  Alfven  velocity  in  the  external  field  and  continue 
to  flow  along  the  ±  x-axis  inside  the  region  II  bounded  by 
the  weak  standing  Alfven  shock  waves,  at  which  the  mag¬ 
netic  field  lines  make  an  abrupt  turn.  The  role  of  these 
shocks  is  to  maintain  the  uniform  inflow  of  plasma  from  the 
external  region  into  the  outflow  region  II  with  the  Alfven 
velocity  in  the  uniform  magnetic  field  Bllz  in  this  region, 


(2) 


where  p  is  the  plasma  mass  density. 

In  the  regions  I  and  II  outside  the  reconnection  region 
and  the  standing  Alfven  waves  the  plasma  current  was 
assumed  to  be  weak  so  that  the  magnetic  field  is  described 
by  the  Laplace  equation.  The  solution  of  this  equation  in 
the  region  I  satisfying  the  boundary  conditions  Blz  =  BUz  at 


Fig.  2.  The  reconnection  model  in  configuration  with  standing  waves. 
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the  standing  Alfven  waves  is 

Bix  =  -  A£n{L/r)  +  B0 ,  Blz  =  +  AO,  (3) 

where  (r,  0)  are  polar  coordinates  in  the  ( z ,  x)-plane.  The 
assumption  of  weakly  disturbed  magnetic  field  in  the  region 
I  requires  that 

so  that  the  reconnection  rate  is  bounded  by  the  conditions 
(2)  and  (4) 

_  nA  „  nVA 

uz  J -  <  A  f  T>  9  (^) 

2yJ4np  nRem 

where  we  put  6  =  arc  tan  (x/z)  ^  (n/2)  for  the  weak  Alfven 
shocks. 

The  Petschek  solution  for  the  magnetic  reconnection 
cannot  be  considered  as  self-consistent,  since  it  neglects  non- 
linearities  of  the  problem  that  are  very  important  near  the 
reconnection  region  [6,  7].  Indeed  for  an  inflow  velocity  (5) 
much  smaller  than  the  Alfven  velocity  of  outflow  the  recon¬ 
nection  region  can  be  represented  as  a  rectangular  box  with 
the  thickness  2 dz  much  smaller  than  the  width  2 dx  as  follows 
from  the  plasma  flow  continuity  equation : 

u2dx^V„dz  (6) 

Then,  the  magnetic  field  jump  across  the  current  sheet  in  the 
reconnection  region  is  related  to  the  plasma  current  j  -  oEy 
inside  this  region: 

2  *2.71 

jABx  =  B0  —  —  u.J 4np  (n  —  =;  —  <r E  d.  >  0,  (7) 

7T  dz  C 

where  Ey  is  the  steady  electric  field  generated  by  the  external 
plasma  flow  across  the  magnetic  field.  Under  the  condition 
(4)  the  plasma  current  in  the  reconnection  region  generates 
in  the  outflow  region  a  magnetic  field  with  a  strength  B.  ~ 
B0  much  bigger  than  that  given  by  eqs  (3)  and  (2)  and  with 
the  opposite  sign.  The  self-similar  solutions  found  by  Yeh 
and  Axford  [10]  for  the  2D  reconnection  flow  near  the 
X-line  have  the  same  problem.  Recently  Priest  and  Lee  [8] 
have  proposed  a  different  solution  for  the  plasma  flow  and 
magnetic  field  outside  the  reconnection  region  that  matches 
both  the  reconnection  region  and  the  plasma  outflow  region 
without  problems  described  above.  The  magnetic  field  con¬ 
figuration  is  described  by  the  analytical  solution  of  the 
Laplace  equation  with  a  cut  (-L,  +L)  along  the  x-axis 
[compare  with  eq.  (3)] : 

Bz  +  i  Bx  =  iB,[(z  +  xx)2 /!}  +  1] 1/2.  (8) 

We  see  that  the  plasma  current  at  the  edge  of  the  reconnec¬ 
tion  region  j  ~  Bx->  0  so  that  the  magnetic  field  in  the 
plasma  outflow  region  is  disturbed  only  near  the  edge 
resulting  in  a  reversed  current  spike.  In  contrast  to  the  Pets¬ 
chek  model  the  magnetic  field  and  plasma  flow  lines  are 
strongly  curved  and  there  is  a  strong  jet  along  the  separatrix 
(YS-line  in  Fig.  3).  The  Alfven  shock  wave  (YH-line  in  Fig. 
3)  very  slightly  disturbs  the  magnetic  field  and  plasma  flow. 
Though  this  solution  for  the  MHD  flow  outside  the  recon¬ 
nection  region  is  very  attractive  one  should  obtain,  from 
first  principles,  a  plasma  current  profile  in  the  reconnection 
region  that  is  consistent  with  the  magnetic  field  configu¬ 
ration  (8)  near  its  border. 
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Fig.  3.  The  notation  for  reconnection  with  a  highly  curved  flow  [8]. 


In  fact,  the  size  of  the  reconnection  region  given  by  eq.  (I) 
happens  to  be  much  smaller  than  the  mean  free  path  of 
plasma  particles  in  most  space  applications.  Therefore,  we 
need  to  revise  the  physics  of  the  collisionless  magnetic 
reconnection  in  the  close  vicinity  of  the  neutral  X-line  both 
for  the  driven  reconnection  [6,  7]  and  the  explosive  tearing 
reconnection  [9].  Following  the  above  cited  papers  we  con¬ 
sider,  in  the  next  section,  the  structure  of  the  dissipation 
region  near  the  X-line  in  collisionless  plasma  and  discuss 
such  important  issues  as  the  inertial-  and  gyroresistivity,  the 
electron-ion  momentum  coupling  in  the  collisionless  plasma 
near  the  neutral  X-line.  We  also  specify  the  upper  limit  for 
the  collisionless  reconnection  rate  caused  by  the  space 
charge  effect  on  the  plasma  flow  near  the  X-line.  Similar 
effects  for  the  nonlinear  tearing  reconnection  will  be  dis¬ 
cussed  in  Section  3.  Finally,  in  Section  4  we  briefly  review 
the  collisionless  reconnection  in  the  weakly  sheared  mag¬ 
netic  field  which  is  important  both  for  the  solar  flares  and 
the  plasma  dynamics  in  tokamaks. 


2.  Structure  of  the  driven  collisionless  reconnection  near  the 
magnetic  X-line 

As  we  have  described  in  the  Introduction  the  magnetic  field 
lines  are  frozen  into  the  ideal  MHD  plasma  flow  everywhere 
besides  the  vicinity  of  magnetic  X-line  where  the  field  lines 
decoupled  from  the  stagnated  plasma  flow  due  to  the  col- 
lisional  diffusion  and  reconnection.  In  collisionless  plasma 
the  magnetic  field  lines  decouple  from  the  plasma  drifting  in 
the  crossed  electric  and  magnetic  field  in  the  small  area  near 
the  X-line  where  the  particles  are  effectively  unmagnetized. 
Following  the  work  [7],  we  describe  the  externally  gener¬ 
ated  vacuum  magnetic  field  near  the  X-line  by  the  expres¬ 
sion  (Fig.  4) 


(9) 


where  ex  is  the  unit  vector  along  the  a-axis  and  the  plasma 
flows  into  the  reconnection  region  along  the  ±z-axis  and 
out  along  the  ±  x-axis.  Therefore,  dx  >  dz  [10]. 


Nonlinear  Limits  of  Magnetic  Reconnection  15 


X 

Fig.  4.  Vacuum  magnetic  field  configuration  with  the  general  direction  of 
plasma  flow  indicated  by  the  arrows  [6]. 


2.1.  Reconnection  in  the  hot  plasma  ( vT .  P  cEy/B) 

The  size  of  the  region  near  the  X-line  where  the  particles  of 
given  species  j  are  unmagnetized  is  defined  by  the  expres¬ 
sions  [11]: 


d  .= _ Vtj  ...  d  - — V-Ij— 

21  nXJ{dZJy  XJ  nZJ(dXJy 


where  vTj  =  xjTTj!mi  is  the  thermal  velocity  of  the  particles 
of  j-spccics  with  the  temperature  7}  and  mass  m},  Qxj  = 
ej  BJmj  c  the  cyclotron  frequency  in  the  a-component  of  the 
magnetic  field  (9),  dzj  and  dxJ  are  the  half-thickness  and  the 
half-width  of  the  unmagnetized  region,  respectively.  With 
the  help  of  the  expression  (9)  we  obtain,  from  eq.  (10): 


dzj  —  \/ Pj  L2j  ,  dxj  —  yj  PjLXj , 


where  Pj  =  vTJQj  and  Clj  =  ejB0/mjc  are  the  cyclotron 
radius  of  the  thermal  particles  and  their  cyclotron  frequency 
in  the  magnetic  field  B0  far  from  the  X-line. 

The  reconnection  electric  field  Ey  =  —  uz  B0/c  accelerates 
the  ions  and  electrons  freely  in  the  region  where  they  are 
unmagnetized  driving  the  electrical  current  near  the  mag¬ 
netic  X-line.  The  finite  life  time  of  particles  in  this  region 
limits  their  acceleration  thus  limiting  the  electric  current  to 
the  value  [12,  13]: 


where  t;  =  dxj/vTj  ~  1  /£ljz(dxj)  is  the  lifetime  of  ^-particles  in 
the  magnetic  cusp  region  where  they  are  unmagnetized, 
n(dzj)  —  n0  dzj/Lz  -  the  density  of  the  j-plasma  species  in  this 
region  that  was  estimated  from  the  conservation  of  the  j- 
particles  inflow  into  the  latter  with  the  electric  drift  velocity. 

cE 

n  — 1  -  const.  (13) 

Bx 

The  plasma  resistivity  due  to  the  finite  life  time  of  particles 
in  the  current  sheet  is  called  the  inertial  resistivity  and  is 
very  similar  to  the  gyroresistivity  of  the  Earth  magnetotail 
plasma  sheet. 

The  limit  for  the  collisionless  reconnection  rate  is  set  by 
the  condition  of  the  weak  disturbance  of  the  vacuum  mag¬ 


netic  field  in  the  plasma  outflow  region  produced  by  the  ion 
plasma  current  (12)  that  dominates  the  electron  current  [6]: 

<“> 

dx  Lx  c  dxi 

Using  expression  (12)  for  the  ion  plasma  current  we  find 
that,  under  the  above  specified  condition,  the  reconnection 
rate  is  well  below  the  Alfven  velocity : 


where  vA  =  T?0/>/47rM  0  mi  is  the  Alfven  velocity  in  the  exter¬ 
nal  plasma  flow. 

It  is  important  to  note  that  in  the  collisionless  plasma  the 
reconnection  rate  can  be  limited  by  the  plasma  space  charge 
in  the  reconnection  region  which  is  a  consequence  of  the 
coupling  of  electron  and  ion  momentums  via  the  magnetic 
field  [7];  see  Fig.  5.  In  Fig.  5  the  electrons  and  ions  are 
accelerated  by  the  electric  field  Ey  >  0  in  the  opposite  direc¬ 
tions.  As  they  turn  and  flow  outward  in  the  x-direction,  they 
transfer  their  momentum  to  the  magnetic  field  by  bending 
the  initially  planar  magnetic  field  in  the  negative  and  posi¬ 
tive  y-direction  respectively.  The  chain  of  momentum  trans¬ 
fer  can  be  described  by  the  relations  [7] : 

nej  Ey  ~  ^  ux(nuy)  ~  (B  •  V)By .  (16) 

As  a  result  of  this  process  the  By  component  of  the  magnetic 
field  is  generated  and  the  space  charge  can  be  accumulated 
under  the  action  of  the  component  of  the  reconnection  elec¬ 
tric  field  along  the  bent  magnetic  field  lines  to  cancel  the 
longitudinal  electric  field : 

E  •  B  =  EyBy  —  (B  •  V)<£  =  0,  (17) 

where  4>  is  the  electrostatic  field  potential. 

If  the  electrostatic  electric  field  force  in  the  plasma 
outflow  direction  (i.e.  along  the  x-axis)  exceeds  the  ion  pres¬ 
sure  force  per  particle  the  reconnection  will  stop  since  the 
ions  will  be  trapped  in  the  reconnection  region.  With  the 
help  of  the  relations  (16)  and  (17)  this  condition  takes  a 
form: 

4ne2n{dzi)E2  dx  Tx 

e<t>/dx  = -  2  /  <~r.  (18) 

Bx(dzi)  dx 

where  the  derivative  along  the  magnetic  field  line  (B  •  V)  ~ 
BJdx ;  >  BJdz ;  due  to  the  Bz{x)  -  profile  modification  by  the 


4 


Fig.  5.  A  3-D  plot  of  the  magnetic  field  lines  [7]. 
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plasma  current  [see  eq.  (14)]. 


<m12 


Jpi  LxJ\Lz 


where  /?,  =  V\JV\  is  the  ratio  of  thermal  and  magnetic 
pressures.  Comparing  the  inequalities  (15)  and  (19)  we  find 
that  the  electrostatic  effects  set  a  lower  limit  of  the  reconnec¬ 
tion  only  in  the  low  beta  plasma  (/?;  <?  1). 

Finally,  the  above  described  reconnection  due  to  the  ion 
current  dissipation  is  real  since  the  electron  diffusion 
through  the  area  where  electrons  are  unmagnetized  is  faster 
than  that  of  ions: 

c2/4noc  dzc  >  c24noi  dzi ,  (20) 

where  a {  =  n(dzJ)e2/mjQjz(dxJ)  is  the  inertial  plasma  resis¬ 
tivity. 

2.2.  Reconnection  in  the  cold  plasma  ( vTj  <  cEy/B) 

In  case  of  a  very  strong  electric  field  reconnection  the  elec¬ 
tric  drift  velocity  near  the  X-line  exceeds  the  ion  thermal 
velocity: 

cEv 

Ve*.  X=R  ^TV 

"Z,  X 

In  this  limit  the  size  of  the  region  near  the  X-line  where  the 
ions  are  unmagnetized  is  given  by  the  relations  [6] : 


AcK-)’ 


VJdx) 


«z  -  c  <  VA 


o^Ll‘2L2r 


<t>  co_i  L.  cE„ 

d~Fy=  cVA  B0<1  (26) 

It  is  worthwhile  noting  that  this  higher  limit  for  the  mag¬ 
netic  reconnection  could  be  reached  only  with  a  strong 
modification  of  the  Bz-profile  by  the  plasma  current 
described  by  eq.  (14)  and  relations  (25): 

B'.U  .  co^Ll^Ll13  cE.fB,L,\l‘3  . 


The  effective  ion  lifetime  in  the  unmagnetized  region  is  = 
\niz(dx)\-\  so  that  the  ion  electric  current  is  given  by 
expression  (12).  Therefore,  we  can  use  eq.  (14)  and  the 
expressions  (22)  for  dx  and  dz  to  obtain  the  limit  for  the 
reconnection  rate  from  the  condition  of  the  B.-magnetic 
field  perturbation  by  the  plasma  current  [6] : 


As  in  the  case  of  reconnection  in  a  hot  plasma  the  electro¬ 
static  electric  field  in  the  plasma  outflow  direction  can  stop 
the  reconnection  flow,  if  the  electrostatic  field  strength 
exceeds  the  Lorentz  force  acting  on  the  accelerated  particles. 
Therefore,  the  reconnection  rate  is  limited  by  the  opposite 
condition  [compare  with  condition  (18)]: 

Bx(djdxi  c 

where,  in  contrast  to  the  preceding  section,  the  derivative 
along  the  magnetic  field  line  is  estimated  as  (B  •  V) 
Bjdzi  P  BJdxi  [see  the  relations  (22)],  and  the  x-size  of  the 
reconnection  region  dxi  is  corrected  due  to  the  B.-profile 
modification,  i.e. 

/  B  V/3 

Bz(Jxi)  =  B'Jxi,  =  ,  (25) 

where  B'x  =  dB.(x)/dx  is  given  by  eq.  (14). 

However,  using  the  relations  (25)  we  find  that  the  condi¬ 
tion  (24)  is  independent  of  the  B.-profile  modification  and 
certainly  weaker  than  condition  (23)  [7], 
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However,  in  this  case  one  needs  to  find  a  nonlinear  solution 
for  the  plasma  flow  outside  the  reconnection  region  instead 
of  the  linear  solution  given  by  Petschek  [3]. 

3.  Implications  for  the  explosive  tearing  mode  reconnection 

Formation  of  the  near- Earth  neutral  line  followed  by  the 
rapid  reconnection  of  the  magnetic  field  lines  was  proposed 
by  Hones  [14],  Russell  and  McPherron  (1973)  as  the  most 
plausible  mechanism  of  the  initiation  of  substorms  in  the 
Earth  magnetospheric  tail.  By  that  time  the  theory  of  the 
linear  tearing  mode  instability  was  developed  for  the  Earth 
magnetospheric  tail  [15].  Later  on  the  explosive  growth  of 
the  finite  amplitude  ion  tearing  mode  [16]  was  proposed  by 
Galeev  et  al.  [9]  as  a  model  of  the  rapid  reconnection  in  the 
magnetospheric  tail.  The  explosive  growth  of  the  ion  tearing 
mode  starts  when  the  thickness  of  the  magnetic  island 
formed  due  to  the  magnetic  reconnection  exceeds  the  thick¬ 
ness  of  the  region  near  the  plane  neutral  sheet  where  the 
ions  are  unmagnetized  (Fig.  4).  Since  the  ion  motion  is  now 
influenced  by  the  z-component  of  the  tearing  mode  mag¬ 
netic  field  we  include  the  latter  into  the  Harris  magnetic 
field  model : 

B  =  B0  tanh  {z/L)ex  +  Bx(t)T(|  z  |)  sin  kxez ,  (28) 

where  'FflzQ  =  [1  4-  tanh  (|z|/L)/kL]  exp  (  — k|z|),  L  -  the 
thickness  of  the  unperturbed  current  sheet,  k  =  kex  -  the 
wave  vector  of  the  tearing  mode  and  the  magnetic  field  of 
the  tearing  mode  was  calculated  using  the  external  solution 
of  the  linear  tearing  mode  equation  for  the  y-component  of 
the  vector  potential,  At  [15]: 

A,(x,  z,  t)  =  -  [B^tyFfl  z  \)/k]  cos  kx.  (29) 

Here,  we  limit  ourselves  to  the  moderately  nonlinear  tearing 
mode  characterized  by  the  weak  Blx  and  Ely  fields  in  the 
reconnection  region : 

Blx-TT7j(l  —  k2l3)  <?  B0 , 

K  L 


*F(|z|)dB1(t) 


<(»t  Jc)Blz. 


In  this  limit  the  ion  tearing  mode  growth  is  described  by  the 
equation  [9] : 


8  1  f*  C”lk  r  d A,  2  2 1  A,  I2  "I  , 

+  1,4,1  -jr^3?mrxdz 

r<ixj 

=  ~Z  jiyEiy  dx  dz,  (31) 

j  J-dzj  J-dxj 

where  the  dimensions  dzJ  and  dxj  of  the  reconnection  region 
and  the  electric  current  are  defined  by  the  expressions 
(11)  and  (12).  Using  all  these  expressions  we  rewrite  eq.  (31) 
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in  the  form  (see  details  in  [9]): 

1  dfri  _  *  c2  1  ~  k2L2 
£2i  b\  8t  4  cOpjL2^  kL 

where  bj  =  Bft)/BQ . 

Equation  (32)  describes  the  explosive  tearing  mode  recon¬ 
nection  in  the  range  of  mode  amplitudes  bt  limited  from 
below  by  the  condition  kdxi  <  1  for  the  transition  into  the 
nonlinear  growth  and  from  above  by  the  condition  (15)  for 
the  weak  modification  of  the  Bz(x )  profile.  Comparing  the 
magnetic  field  models  (9)  and  (28)  we  find  that  in  the  last 
model  we  can  put  Lx  =  1  /kbfV  in  expression  (11)  for  dx  and 
write  the  first  condition  in  the  form: 

kdx  =  y/kp-Jb,  ¥  <  1.  (33) 

The  second  condition  (15)  with  the  help  of  the  eq.  (32)  can 
be  written  as 


7i  b1  1  —  k2l3 

4fc2L2ei'P  kL  <  ‘ 


(34) 


Combining  the  inequalities  (33)  and  (34)  we  find  that  the 
explosive  growth  is  possible  only  near  the  instability  thresh¬ 
old:  1  —  k2l3  4  1,  so  that  *F  ~  1  for  £j  4  1.  From  the  rela¬ 
tions  (23)  and  (34),  in  turn,  follows  that  b t  <  ef2.  Finally, 
comparing  the  relations  (11)  and  (22)  for  dxi  one  can  show 
that  the  transition  from  the  moderately  nonlinear  tearing 
mode  defined  by  the  conditions  (30)  to  the  strongly  nonlin¬ 
ear  mode  in  the  opposite  case  cannot  take  place  within  the 
range  of  the  mode  amplitude  b1  defined  by  the  inequalities 
(33)  and  (34).  This  means  that  the  strongly  nonlinear  tearing 
mode  discovered  by  Pritchett  [17]  under  the  conditions 
opposite  to  those  in  (30)  in  his  two-dimensional  numerical 
simulations  should  be  stabilized  in  the  real  three- 
dimensional  configuration  by  the  positive  space  charge  near 
the  X-line  blocking  the  ion  flow  [7], 


4.  Magnetic  reconnection  in  the  nonvanishing  magnetic  field 

Up  to  now  our  discussion  of  magnetic  reconnection  was 
limited  to  the  two-dimensional  models  in  which  the  mag¬ 
netic  field  strength  turns  to  zero  at  the  neutral  X-line  where 
the  field  lines  reconnect.  In  this  section  we  consider  the 
magnetic  reconnection  in  the  nonvanishing  magnetic  field. 
For  the  sake  of  simplicity  we  limit  ourselves  to  the  case  of  a 
strong  guiding  magnetic  field 

B  =  B0ey  +  B±(r,  t),  |  BL  |  4  B0 ,  (35) 

which  is  typical  both  for  the  solar  corona  magnetic  field  [18, 
19]  and  the  laboratory  fusion  devices  such  as  tokamaks 
[20]. 

4.1.  Spontaneous  reconnection  of  sheared  magnetic  field  lines 
Magnetic  reconnection  in  a  nonvanishing  magnetic  field  was 
studied  first  in  applications  to  the  laboratory  fusion  devices 
where  it  takes  the  form  of  a  specific  plasma  instability  in  the 
sheared  magnetic  field  [11,  12],  To  illustrate  the  physics  of 
such  reconnection  we  further  simplify  the  magnetic  field 
model  (35)  reducing  it  to  the  plane  sheared  magnetic  field 
described  by  the  generalized  Harris  model  [22] : 

X 

B  =  Bl  tanh  —  e,  +  B0  ey .  (36) 


The  structure  of  the  dissipation  region,  in  this  case,  becomes 
quite  complicated.  First,  the  tearing  mode  in  the  sheared 
magnetic  field  is  coupled  to  the  drift  mode  [23,  24],  There¬ 
fore,  it  should  be  described  by  both  vector  and  scalar  poten¬ 
tials  in  the  form: 


Mil  >  <t>)  =  MiiM,  4>{x)}  exp  (-i tot  +  i k-r),  (37) 

where  k  =  (0,  ky,  k2)  and  x  =  X  —  Xs  with  Xs  defined  by  the 
condition  ky  =  (k  •  B)  =  0  for  the  resonant  magnetic 
surface.  Electrons  and  ions  moving  along  the  magnetic  field 
lines  with  thermal  velocities  fall  into  Cherenkov  resonance 
(cu  =  fc||  U||)  with  the  propagating  drift  tearing  mode  dissi¬ 
pating  its  energy  due  to  the  Landau  damping.  The  width  of 
the  resonance  region  for  the  particles  of  the  y'th  species 
follows  from  the  Cherenkov  resonance  condition 


<5;  = 


CO* 


k\\(x)vTj 


PjL* 
L  ’ 


(38) 


where  co +e  ~  kz  pj  vTj/L  is  the  frequency  of  the  drift-tearing 
mode,  fc'n(x)  =  dky/dx,  Ls  ~  B0L/Bl.  However,  Cherenkov 
interaction  of  particles  with  the  mode  is  limited  to  the  dis¬ 
tance  <5e  4  —  \/ Pi  5 i  <  <5j  from  the  resonant  magnetic 
surface  where  the  longitudinal  electric  field  of  the  mode 


E\\(x)  =  —  A\\  -i^iiM^M 


(39) 


has  not  been  shortcircuited  by  the  charged  particles  motion 
along  the  magnetic  field  lines  (see  Fig.  6).  Here,  </>(x)  is  given 
by  [23, 24]: 

,,  ,  coAu  fix2  f*/2  f  ix2  \  r~i — -  1 

*x)-  jfml 

=  \f^\p\  <  Sj .  (40) 


The  growth  of  the  drift  tearing  mode  is  described  by  the 
Maxwell  equation  for  the  vector  potential 


where 


^Lj  y  47iei n  (<»  ~  ujv2  /o>n)  d 

C  711  j  TjC2  ct>  —  fc||(x)i7|j  -F  io 

/  £U*> 

\  (JO 


is  the  electric  current  driven  by  the  localized  electric  field  of 
the  mode  near  the  resonant  magnetic  surface.  Dividing  both 
sides  of  this  equation  by  its  external  solution  (29)  for  the 
tearing  mode  vector  potential  A(|(x)  and  integrating  the 
result  across  the  resonant  magnetic  surface  we  obtain  the 


Fig.  6.  The  longitudinal  electric  field  profile  £||(x)  in  the  region  of  the 
Cherenkov  resonance. 
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dispersion  relation: 


tion  using  the  diffusion  law  Ax2  =  Ds: 


»»  _ _ rc1/2a>pe  i(co  -  a>,».) 

c2  \k'n(0)\vTc 

+  0.75^  A  +f)^e-,w4»  (42) 

where  A'  =  (1  —  k2lf)/kl}  is  a  measure  of  the  free  energy  for 
the  particular  case  of  the  magnetic  field  model  (35).  The 
second  term  here  stabilizes  the  instability  in  the  strongly 
sheared  magnetic  field  (L/Ls  ^  yj mjm ;). 

The  nonlinear  development  of  the  drift-tearing  modes  in 
toroidal  fusion  devices  such  as  tokamaks  strongly  differs 
from  that  in  space  plasma.  In  tokamaks  the  resonant  mag¬ 
netic  surfaces  are  discretely  spaced  due  to  discreteness  of  the 
poloidal  and  toroidal  wave  numbers.  Therefore,  the  single 
mode  nonlinear  growth  is  of  interest  in  this  case.  Cherenkov 
interaction  of  electrons  with  the  single  mode  is  quenched 
first  when  the  width,  w,  of  the  magnetic  island  becomes 
larger  than  the  width,  8e,  of  Cherenkov  interaction  region 
for  electrons.  However,  this  cannot  stabilize  the  instability 
since  the  resonant  ions  outside  the  magnetic  island  still  dis¬ 
sipate  the  mode  energy.  The  mode  grows  approximately  lin¬ 
early  with  time  at  this  stage  until  it  stops  when  the  magnetic 
island  width,  w,  exceeds  the  width,  <5^,  of  the  region  where 
the  mode  electric  field  E y  is  localized  [22],  In  case  of  MHD 
tearing  instability  both  the  mode  energy  dissipation  and  the 
mode  electric  field  are  localized  in  the  same  region  near  the 
resonant  magnetic  surface  with  the  width,  3$ ,  depending  on 
the  collisional  resistivity  [21].  Therefore,  the  tearing  mode 
grows  exponentially  until  the  width,  w,  of  the  magnetic 
island  becomes  comparable  with  the  width,  6$,  of  the  dissi¬ 
pation  region  and  then  continues  to  grow  linearly  in  time 
due  to  finite  plasma  resistivity  [20]. 

In  space  plasma  with  dimensions  exceeding,  by  many 
orders  of  magnitude,  the  characteristic  microscopic  scales 
such  as  the  particles  Larmor  radius  pj  or  their  inertial 
length  c/cDpj  the  resonant  magnetic  surfaces  are  spaced  so 
closely  that  the  magnetic  islands  near  the  different  resonant 
surfaces  overlap  already  at  very  small  amplitudes  of  the 
modes  (see  Fig.  7).  Therefore,  the  magnetic  field  lines 
become  stochastic  [25]  and  diffuse  across  the  undisturbed 
magnetic  surfaces.  The  diffusion  coefficient  depends  on  the 
amplitudes  Bk  of  the  tearing  modes: 

D  =  £  f  exp  {-i/c,|[x(0)]s  -  k\fDs3/6}  ds.  (43) 

k  "o  Jo 

The  width  of  the  layer  of  the  stochastic  field  lines  near  the 
resonant  magnetic  surface  can  be  estimated  from  this  equa- 


Fig.  7.  The  magnetic  surface  splitting  in  the  case  of  the  two  tearing  modes 
with  finite  amplitudes  and  close  wave  vectors  and  their  overlapping. 


<5st  ~  (D/K |,)1/3.  (44) 

It  is  obvious  that  the  electric  field  potential  will  be  spread  at 
least  in  this  region.  In  fact,  the  width  of  the  longitudinal 
electric  field  localization  region,  3 (j>,  also  grows  with  the 
tearing  mode  amplitudes  [26] : 

<5,  *  8T  (45) 

Therefore,  Cherenkov  interaction  of  electrons  with  the  mode 
weakens  when  8st  >  8$,  i.e.  for  <5sl  >  <5S .  In  this  limit  the  res¬ 
onant  electrons  are  spread  over  the  distance  <5st  across  the 
magnetic  surface  bigger  than  the  width  <5;  of  the  electric  field 
localization  region.  Therefore  the  dispersion  relation  modi¬ 
fies  as 


A' 


i<dpe  to  c 
c2  I  k\i  |  <5st  vTt  l’ 


(46) 


and  the  tearing  mode  energy  density  grows  explosively 
under  some  special  conditions  (see  details  in  [26]). 


4.2.  Driven  magnetic  reconnection  of  strain-wrapped  magnetic 
field  lines 

Gold  [27]  first  pointed  out  that  the  convective  motion  of 
photospheric  plasma  causes  the  twisting  and  strain¬ 
wrapping  of  the  coronal  loop  magnetic  field  lines  embedded 
by  its  ends  into  the  photospheric  plasma.  The  strained  mag¬ 
netic  field  lines  then  relax  via  magnetic  reconnection  to  a 
state  with  a  lower  energy  producing  the  solar  flare.  By  this 
process  only  the  energy  of  strained  magnetic  field  lines 
released  and  the  potential  part  of  the  magnetic  field  stays 
unchanged  since  it  is  generated  by  the  under  photospheric 
currents.  Parker  [19]  has  shown  that  if  the  magnetic  field 
lines  winding  pattern  varies  along  the  magnetic  field  then 
there  is  no  plasma  equilibrium  and  the  reconnection  should 
change  this  pattern  to  reach  the  equilibrium  state  (Fig.  8). 
The  reconnection  can  proceed  with  any  rate  lower  than 
given  by  Petschek  [3]  for  the  MHD  model: 

«±  <  VJinRem  (47) 

where  VAJ  is  the  Alfven  velocity  in  the  magnetic  field  B}  gen¬ 
erated  by  the  longitudinal  currents  in  the  coronal  loop  [28]. 
According  to  Parker  [29],  the  role  of  the  shuffling  of  the 


Fig.  8.  A  sketch  of  some  of  the  forms  of  twisted  and  wrapped  field  lines 
that  may  occur  in  the  unidirectional  field  as  a  consequence  of  shuffling  the 
footpoints  of  the  lines  of  force  (at  z  =  0)  [19]. 
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footpoints  of  coronal  field  lines  is  to  maintain  the  field  stress 
that  reduces  the  thickness  of  the  current  sheet  in  opposition 
to  the  diffusion  in  a  resistive  plasma. 

5.  Conclusion 

All  models  of  the  fast  magnetic  reconnection  required  to 
explain  the  observational  data  in  space  and  laboratory 
plasma  are  based  on  the  Petschek’s  idea  that  the  reconnec¬ 
tion  of  magnetic  field  lines  takes  place  in  a  so  small  region 
that  the  resistive  magnetic  field  diffusion  matches  the  MHD 
reconnection  flow  in  the  vicinity  of  the  reconnection  region. 
In  general  the  theoretical  conception  of  the  fast  MHD 
reconnection  was  confirmed  by  the  numerical  simulation  for 
the  driven  reconnection  near  the  X-line  and  in  the  non¬ 
vanishing  magnetic  field  [2],  as  well  as  for  the  spontaneous 
explosive  tearing  mode  reconnection  in  collisionless  plasma 
[30].  However,  recently  it  was  noted  [6,  7]  that  the  electric 
current  flowing  in  the  reconnection  region  destroys  the 
structure  of  the  magnetic  field  in  the  plasma  outflow  region 
for  fast  enough  reconnection,  thus  limiting  the  applicability 
of  such  models  to  slower  reconnection  rates. 

Therefore,  a  truly  nonlinear  solution  for  the  plasma  flow 
through  both  the  external  and  reconnection  regions  has  to 
be  constructed  to  find  out  whether  the  nonlinear  effects  limit 
the  reconnection  rate  to  a  value  much  smaller  than  that 
given  by  Petschek  [3]. 

For  the  case  of  the  driven  collisionless  reconnection  of  the 
strained  magnetic  field  lines  [27,  29]  the  structure  of  the 
dissipation  region  was  not  studied  yet  to  obtain  a  realistic 
rate  of  such  driven  reconnection. 

References 

1.  Axford,  W.  L,  “Magnetic  Reconnection  in  Space  and  Laboratory 
Plasmas”  (Edited  by  W.  Hones,  Jr.)  (AGU,  Washington  D.C.  1984), 
Geophysical  Monograph  30,  pp.  1-8. 


2.  Strauss,  H.  R.,  Astrophys.  J.  381,  508  (1991). 

3.  Petschek,  H.,  in :  “AAS-NASA  Symposium  on  Physics  of  Solar  Flares” 
(NASA  SP-50  1964),  p.  425. 

4.  Parker,  E.  N.,  J.  Geophys.  Res.  62,  509  (1957). 

5.  Sweet,  P.  A.,  in:  “Electromagnetic  Phenomena  in  Cosmical  Physics” 
(Edited  by  B.  Lehnert)  (Cambridge  University  Press  1958);  I.A.U. 
Symp.  No.  6,  pp.  123-134. 

6.  Burkhart,  G.  R.,  Drake,  J.  F.  and  Chen,  J.,  J.  Geophys.  Res.  96,  11539 
(1991). 

7.  Drake,  J.  F.  and  Burkhart,  G.  R.,  Geophys.  Res.  Lett.  19, 1077  (1992). 

8.  Priest,  E.  R.  and  Lee,  L.  C.,  J.  Plasma  Phys.  44,  337  (1990). 

9.  Galeev,  A.  A.,  Coroniti,  F.  V.  and  Ashour-Abdalia,  M.,  Geophys.  Res. 
Lett.  5,  707  (1978). 

10.  Yeh,  T.  and  Axford,  W.  I.,  J.  Plasma  Phys.  4,  207  (1970). 

11.  Laval,  G.  R.,  Pellat,  R.  and  Vuillemin,  M.,  in:  “Plasma  Phys.  and 
Controlled  Nucl.  Fusion  Res.”  (IAEA,  Vienna  1966),  Vol.  2,  p.  259. 

12.  Biskamp,  D.  and  Schindler,  K.,  Plasma  Phys.  13, 1013  (1971). 

13.  Rusbridge,  M.  G.,  Plasma  Phys.  13,  33  (1971). 

14.  Hones,  E.  W.  Jr.,  in:  “Dynamics  of  the  Magnetosphere”  (Edited  by 
S.-I.  Akasofu)  (D.  Reidel  Publishing  Co.,  Dordrecht  1979),  p.  599. 

15.  Coppi,  B.,  Laval,  G.  and  Pellat,  R.,  Phys.  Rev.  Lett.  16,  1207  (1966). 

16.  Schinder,  K.,  J.  Geophys.  Res.  79, 2803  (1974). 

17.  Pritchet,  P.  L„  Phys.  Fluids  B4,  3371  (1992). 

18.  Parker,  E.  N.,  Astrophys.  J.  Suppl.  8,  177  (1963). 

19.  Parker,  E.  N.,  Astrophys.  J.  174, 499  (1972). 

20.  Rutherford,  P.  H.,  Phys.  Fluids  16,  1903  (1973). 

21.  Furth,  H.  P.,  Killin  J.  and  Rosenbluth,  M.  N.,  Phys.  Fluids  6,  459 
(1963). 

22.  Galeev,  A.  A.,  Zeleny,  L.  M.  and  Kuznetsova,  M.  M.,  JETP  Lett.  41, 
387(1985). 

23.  Bussac,  M.  N.,  Edery,  D.,  Pellat,  R.  and  Soule,  J.  L.,  Phys.  Rev.  Lett. 
40,1500(1978). 

24.  Coppi,  B.,  Mark,  J.  W.,  Sugiama,  L.  and  Bertin,  G.,  Phys.  Rev.  Lett. 
42,  1058  (1979). 

25.  Rosenbluth,  M.  N.,  Sagdeev,  R.  Z.,  Taylor,  J.  B.  and  Zaslavskii,  G.  M., 
Nucl.  Fusion  6,  297  (1966). 

26.  Galeev,  A.  A.,  Sov.  J.  Plasma  Phys.  18,  645  (1992). 

27.  Gold,  T.,  in:  “AAS-NASA  Symposium  on  the  Physics  of  Solar  Flares” 
(NASA  Spec.  Publ.,  SP-50  1964),  p.  389. 

28.  Galeev,  A.  A.,  Rosner,  R.,  Serio,  S.  and  Vaiana,  G.  S.,  Astrophys.  J. 
243,  301  (1981). 

29.  Parker,  E.  N.,  Astrophys.  J.  407,  342  (1993). 

30.  Terasawa,  T.,  J.  Geophys.  Res.  86, 9007  (1981). 


Physica  Script  a  T52 


Physica  Scripta.  Vol.  T52,  20-27,  1994 

Particle  Acceleration  in  Lower-Hybrid  Cavitons 

R.  Bingham1,  J.  J.  Su2,  V.  D.  Shapiro3,  V.  Shevchenko3,  S.  Ma4,  J.  M.  Dawson4  and  V.  N.  Tsytovich5 

1  Rutherford  Appleton  Laboratory,  Chilton,  Didcot,  Oxon,  0X11  OQX,  UK 

2  National  Central  University,  Chung-Li,  Taiwan 

3  Dept.  Electrical  and  Computer  Eng.,  University  of  California,  San  Diego,  La  Jolla,  CA  92091,  U.S.A. 

4  Dept,  of  Physics,  University  of  California,  Los  Angeles,  CA  90024,  U.S.A. 

5  General  Physics  Institute,  Moscow,  Russia 

Received  November  22,  1993;  accepted  February  14, 1994 


Abstract 

In  this  paper  we  investigate  particle  acceleration  resulting  from  the  relax¬ 
ation  of  unstable  ion  ring  distributions,  producing  strong  wave  activity  at 
the  lower  hybrid  frequency.  It  is  shown  that  strong  lower  hybrid  wave  turb¬ 
ulence  collapses  in  configuration  space  producing  density  cavities  contain¬ 
ing  intense  electrostatic  lower  hybrid  wave  activity.  The  collapse  of  these 
intense  nonlinear  wavepackets  saturate  by  particle  acceleration  producing 
energetic  electron  and  ion  tails.  There  are  several  mechanisms  whereby 
unstable  ion  distributions  could  be  formed  in  plasmas,  including  reflection 
at  perpendicular  shocks,  tearing  modes,  and  loss  cone  depletion. 

Numerical  simulations  of  ion  ring  relaxation  processes,  obtained  using  a 
2}-D  fully  electromagnetic,  relativistic  particle  in  cell  code  are  discussed. 
We  apply  the  results  to  the  problem  of  explaining  energetic  particle  pro¬ 
duction  in  solar  flares.  The  results  show  the  simultaneous  acceleration  of 
both  electrons  and  ions  to  very  high  energies:  electrons  are  accelerated  to 
energies  in  the  range  10-500keV,  while  ions  are  accelerated  to  energies  of 
the  order  of  MeV’s.  Our  simulations  also  show  wave  generation  at  the 
electron  cyclotron  frequency.  The  strong  turbulence  collapse  process  leads 
to  a  highly  filamented  plasma  producing  many  localized  regions  for  particle 
acceleration  of  width  as  l(UDc. 

1.  Introduction 

A  particle-in-cell  (PIC)  simulation  code  is  used  to  investi¬ 
gate  wave  activity  and  electron  acceleration  resulting  from 
the  presence  of  a  dilute  population  of  monoenergetic  gyrat¬ 
ing  ions.  We  suggested  that  ion  distributions  of  this  type 
could  exist  downstream  of  collisionless  perpendicular 
shocks,  tearing  instabilities  and  mirror  magnetic  fields  in  the 
solar  atmosphere,  pointing  out  that  evidence  for  the  exis¬ 
tence  of  such  shocks  is  provided  by  type  II  radio  bursts  and 
coronal  mass  ejections.  The  ion  ring  speed  in  our  simulation 
was  about  one  third  of  the  Alfven  speed,  and  the  ring 
density  was  30%  of  the  total  ion  density.  The  initial  plasma 
beta  was  about  10" 3,  consistent  with  conditions  in  the 
flaring  solar  corona.  We  found  that  the  mean  square  elec¬ 
tron  speed  parallel  to  the  magnetic  field  increased  by  a 
factor  of  ten  during  the  simulation,  and  showed  no  sign  of 
leveling  off  (the  mean  square  perpendicular  electron  speed 
rose  by  a  much  smaller  factor).  After  600  plasma  periods, 
the  flux  of  deka-keV  electrons  was  already  sufficient  to 
produce  the  hard  X-ray  emission  observed  in  a  typical  flare. 
We  concluded  that  anisotropic  ion  distributions  might  be 
responsible  for  electron  acceleration  in  flares,  via  the  inter¬ 
mediate  process  of  lower-hybrid  wave  generation.  This  work 
is  complementary  to  previous  studies  of  lower-hybrid  col¬ 
lapse  [1,  2,  3]. 

Waves  with  frequencies  around  the  lower-hybrid  fre¬ 
quency  are  likely  to  be  excited  whenever  there  is  a  deficiency 
of  ions  with  small  pitch  angles,  or  when  ions  are  drifting 


perpendicular  to  the  magnetic  field:  such  distributions  are 
found  in  both  laboratory  and  space  plasmas.  A  velocity 
space  ring  distribution,  for  example,  may  be  created  artifi¬ 
cially  in  the  presence  of  magnetic  fields  by  energetic  particle 
injection,  or  resonant  heating  by  electromagnetic  waves  [4]. 
Other  mechanisms,  which  could  be  relevant  to  natural 
plasmas,  include  ion  reflection  at  perpendicular  shocks  [5], 
magnetic  reconnection  [6,  7]  and  the  interaction  of  a  high 
velocity  neutral  gas  with  a  magnetized  plasma  [8],  Natu¬ 
rally  occurring  ion  rings  are  known  to  exist  downstream  of 
the  earth’s  bow  shock  [9],  in  the  earth’s  radiation  belts  [10] 
and  plasma  sheet  [11],  and  in  the  vicinity  of  comets  [12]. 
Ion  loss  cone  distributions,  which  exhibit  similar  insta¬ 
bilities  to  ring  distributions,  also  occur  in  natural  magnetic 
mirror  systems,  such  as  auroral  field  lines  [13].  Indeed, 
anisotropic  ions  are  found  in  virtually  every  plasma  which  is 
accessible  to  in  situ  measurements. 

A  number  of  different  wave  modes  can  be  excited  by  ring 
or  loss  cone  distributions.  Parallel-propagating  ion  cyclo¬ 
tron  waves  are  excited  at  frequencies  below  the  ion  gyrofre- 
quency:  in  this  limit,  the  ring  and  background  ions  are 
“magnetized”,  in  the  sense  that  there  is  at  least  one  Larmor 
orbit  in  one  wave  period.  Lower-hybrid  waves  are  excited  at 
frequencies  lying  between  the  ion  and  electron  gyrofre- 
quencies,  in  which  case  the  ions  are  unmagnetized  and  the 
electrons  magnetized.  Ion  acoustic-like  instabilities  also 
exist,  but  these  are  only  possible  if  the  electron  temperature 
is  significantly  greater  than  the  ion  temperature  or  if  there  is 
a  relative  drift  between  electrons  and  ions  [14].  The  linear 
theory  of  wave  generation  by  ion  ring  distributions  has  been 
summarized  by  Mikhailovskii  [15],  while  the  quasi-linear 
theory  of  the  loss  cone  instability  has  been  treated  by 
Galeev  [16].  A  unified  formalism  of  the  parametric  (i.e. 
nonlinear)  instabilities  associated  with  lower-hybrid  waves 
has  been  developed  by  Tripathi,  Grebogi  and  Liu  [17],  who 
dealt  primarily  with  three  wave  decay  processes  and  nonlin¬ 
ear  ion  or  electron  Landau  damping  associated  with  a 
pump  wave  near  the  lower-hybrid  frequency.  Tripathi  et  al. 
[17]  were  concerned  with  radio  frequency  heating  of  toka- 
maks,  but  their  analysis  can  also  be  applied  to  situations  in 
which  the  lower-hybrid  mode  is  generated  in  situ  by  an 
unstable  ion  distribution. 

In  a  strongly  turbulent  plasma,  the  modulational  insta¬ 
bility  may  cause  a  lower-hybrid  wave  to  collapse.  Normally, 
the  lower-hybrid  instability  results  in  the  generation  of 
waves  in  the  region  of  wavevector  space  where  dissipation 
(i.e.  Landau  damping)  is  negligible:  this,  in  fact,  is  a  pre- 
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requisite  for  wave  growth.  The  modulational  instability, 
however,  causes  waves  to  cascade  to  shorter  wavelengths, 
leading  to  wave  collapse  and  subsequently  particle  ener¬ 
gization  by  Landau  and  transit  time  damping.  As  a  result  of 
wave  collapse,  direct  energy  transfer  to  both  electrons  and 
ions  can  take  place. 

In  this  paper  we  use  a  PIC  code  to  investigate  the  acceler¬ 
ation  process  outlined  above.  In  Section  2  we  suggest 
various  mechanisms  whereby  ion  ring  or  loss  cone  distribu¬ 
tions  might  develop  in  the  flaring  solar  atmosphere.  We  also 
summarize  the  theory  of  lower-hybrid  wave  collapse,  outlin¬ 
ing  the  process  which  enables  electrons  and  ions  to  be 
simultaneously  accelerated.  In  Section  3  we  present  simula¬ 
tion  results  which  show  the  effects  of  ion  ring  relaxation  on 
the  electron  distribution  and  the  background  ion  distribu¬ 
tion. 

2.  Flare  Acceleration  Model 

2.1.  Formation  of  ion  ring  distributions 

It  has  been  suggested  that  energetic  gyrating  ions  could  be 
produced  by  perpendicular  shocks,  generated  by  the  super- 
Alfvenic  motion  of  magnetic  flux  tubes  emerging  from  the 
photosphere.  We  showed  that  such  flux  tubes  could  dissi¬ 
pate  energy  at  a  sufficient  rate  to  power  the  impulsive  phase 
of  one  particular  flare.  It  should  be  stressed  however,  that 
the  validity  of  the  results  do  not  rely  on  the  existence  of 
perpendicular  shocks:  it  is  possible  that  ions  rings  could 
also  result  from  magnetic  reconnection,  which  is  generally 
assumed  to  be  the  primary  mechanism  of  energy  release  in 
flares.  Simulations  by  Leboeuf,  Tajima  and  Dawson  [6] 
have  shown  that  tearing  modes  produce  cross  field  ion 
drifts,  Ma  [18]  has  carried  out  full  particle  in  cell  simula¬ 
tions  of  the  tearing  instability  and  confirmed  the  generation 
of  anisotropic  ion  velocity  distributions,  which  form  rings  or 
cross  field  drifts. 

Processes  involved  in  magnetic  reconnection  are  best 
illustrated  with  the  magnetic  neutral  sheet  configuration, 
where  an  infinite  current  sheet  is  centered  at  x  =  0,  gener¬ 
ating  oppositely  directed  magnetic  field  lines  on  either  side. 
This  configuration  is  stable  against  ideal  MHD  pertur¬ 
bations.  However,  in  the  vicinity  of  x  =  0  where  the  B  field 
vanishes,  resistive  dissipation,  electron  inertia,  and  anom¬ 
alous  dissipation  due  to  plasma  collective  interactions 
become  important,  giving  rise  to  a  tearing  instability  in  a 
boundary  layer  in  which  magnetic  flux  tubes  on  one  side  of 
the  neutral  sheet  can  tear,  diffuse  and  connect  to  those  on 
the  other  side.  The  growth  rate  of  the  tearing  instability  is 
governed  by  the  detailed  mechanism  of  dissipation.  Resistive 
dissipation  gives  rise  to  a  slow  tearing,  while  electron  inertia 
gives  rise  to  a  fast  tearing.  As  the  tearing  grows,  magnetic 
islands  characterised  by  X  and  0  points  in  the  magnetic  field 
lines  are  formed,  and  an  electric  field  in  the  z-direction  is 
induced  near  the  X  and  0  points.  This  E  field  then  gives  rise 
to  an  E  x  B  drift  that  drags  particles  toward  x  =  0  near  an 
X -point  and  away  from  an  0-point.  When  a  stationary  state 
is  reached  as  a  result  of  nonlinear  coalescence  of  magnetic 
islands,  cold  fluid  that  bring  together  the  magnetic  fields  of 
opposite  polarities  flow  toward  the  X-point  at  a  fraction  of 
the  Alfven  speed,  and  are  accelerated  as  they  go  across  the 
neutral  region,  and  flow  out  at  the  Alfven  speed  along  the 
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y-axis  toward  the  adjacent  0-points,  forming  standing 
shocks. 

With  this  magnetic  reconnection  configuration,  a  direct 
particle  acceleration  mechanism  due  to  the  inductive  electric 
field  can  be  identified  for  a  neutral  sheet  where  the  ion 
Larmor  radius  (using  the  asymptotic  magnetic  field 
strength)  is  smaller  than  the  sheet  dimension.  Outside  the 
neutral  sheet,  the  ions  are  magnetized.  As  they  E  x  B  drift 
toward  the  X-point,  some  of  them,  become  unmagnetized 
since  the  B  field  is  weaker.  As  a  particle  enters  the  neutral 
region,  it  is  accelerated  in  the  z-direction  by  the  inductive  E 
field.  The  energy  gained  by  the  particle  depends  on  how 
long  it  will  stay  in  the  neutral  region  before  it  gets  out  to  be 
remagnetized.  Therefore,  slow  ions  are  more  likely  to  be 
accelerated  with  this  mechanism. 

2.2.  Lower-hybrid  wave  collapse  and  particle  acceleration 
Wave  collapse,  predicted  by  Zahkarov  [19]  as  the  nonlinear 
stage  of  the  modulational  instability,  plays  a  dominant  role 
in  the  dynamics  of  strong  turbulence.  Collapse  leads  to  the 
explosive-like  compression  of  cavities  (regions  of  high  wave 
energy  density  from  which  plasma  is  expelled  by  wave 
pressure).  The  process  of  collapse  results  in  the  transform¬ 
ation  of  the  wave  spectrum  to  larger  wavenumbers,  produc¬ 
ing  small  scale  structures  called  cavitons,  within  which  the 
waves  are  trapped.  These  waves  are  absorbed  by  resonant 
particles,  and  a  quasi-steady  state  is  eventually  reached  in 
which  the  pumping  of  wave  energy  into  the  system  (e.g. 
from  an  unstable  ion  distribution)  is  balanced  by  wave 
absorption  (i.e.  Landau  damping).  It  has  been  shown  that 
lower-hybrid  waves  can  become  modulationally  unstable, 
and  eventually  collapse  [1,  2].  The  mechanism  leading  to 
the  modulational  instability  is  the  nonlinear  coupling  of 
lower-hybrid  waves  with  the  much  lower  frequency  quasi¬ 
neutral  density  perturbations  of  ion  acoustic  waves.  The 
result  is  a  filamentation  of  the  high  frequency  field,  and  the 
formation  of  elongated  nonlinear  wavepackets  aligned  with 
the  magnetic  field,  the  signature  of  which  is  a  density  deple¬ 
tion. 

The  modulational  instability  results  in  the  creation  of 
lower-hybrid  wave  with  kn  ^  0,  in  addition  to  slowly 
varying  magnetic  structures.  Waves  with  ~  w]h/3vc, 
where  vt  is  the  electron  thermal  speed,  are  efficiently 
absorbed  by  resonant  electrons  in  the  bulk  of  the  distribu¬ 
tion.  The  same  waves  have  perpendicular  wavenumbers 
k±~  k  ~  cOiJSv-,,  where  i>j  is  the  ion  thermal  speed,  and  can 
thus  be  absorbed  by  (un-magnetized)  bulk  ions.  As  a  result, 
simultaneous  acceleration  of  electrons  in  the  parallel  direc¬ 
tion  and  ions  in  the  perpendicular  direction  can  occur.  Par¬ 
ticle  acceleration  prevents  further  growth  of  the  pump 
lower-hybrid  wave,  thus  causing  it  to  saturate. 

We  will  first  consider  the  linear  theory  of  the  modulation¬ 
al  instability  for  a  pump  wave,  (f>0 ,  where  </>0  is  the  electro¬ 
static  wave  potential,  with  a  frequency  close  to  the 
lower-hybrid  frequency,  and  polarized  in  the  plane  perpen¬ 
dicular  to  the  magnetic  field  coupled  to  the  two  lower- 
hybrid  satellites,  tf>± ,  referred  to  as  the  Stokes-  and 
anti-Stokes  +  modes  such  that 

k±  =  k0  ±  k,  (3) 

k0  and  k  being  the  initial  pump  wave  and  low  frequency 
mode  respectively,  k±  are  the  satellite  modes. 
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The  equations  describing  the  coupling  of  the  high  fre¬ 
quency  lower-hybrid  potential,  </>,  to  the  low  frequency 
density  perturbation,  3n,  are  given  by  Shapiro  et  al.  [1,  2] : 
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where  A  =  ( d2/8x 2)  +  ( 82/8y 2)  is  the  transverse  Laplace 
operator  and 
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The  nonlinear  term  in  equation  (4),  namely  \cf>  x  \5n,  is 
of  a  vortex  type  and  it  vanishes  for  perturbations  that  are 
one  dimensional  in  the  plane  perpendicular  to  the  magnetic 
field  [ (8/8x )  =  0,  (8/8y)  =  0].  In  one  dimension  the  resulting 
nonlinearity  is  smaller  by  the  factor  ( mjm/),  the  vortex  non¬ 
linearity  is  due  to  the  density  variation  as  a  result  of  the 
electron  drift  velocity  across  the  magnetic  field  given  by 
*>dc  =  x  B0).  Since  this  drift  occurs  in  the  back¬ 

ground  of  the  low  frequency  density  inhomogeneity,  Sn,  due 
to  the  low  frequency  ion  acoustic  mode,  it  gives  rise  to  a 
high  frequency  density  variation  in  the  form 
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The  nonlinear  term  that  couples  the  slow  mode  with  the 
high  frequency  oscillations  in  eq.  (5)  is  due  to  the  ponder- 
omotive  force  acting  on  the  electrons.  In  deriving  eqs  (4)  and 
(5)  we  have  neglected  the  polarization  drift  and  parallel 
motion  of  the  electrons  and  ions.  The  ratio  of  these  terms  to 
the  vortex  nonlinearity  is  of  the  order  of  (m/M),  therefore 
the  vortex  nonlinearity  is  the  dominant  term.  It  is  clear  from 
the  nature  of  V</>  x  B0  that  at  least  two  plane  waves  or  a 
standing  wave  must  be  considered.  Due  to  the  appearance 
of  the  vortex  type  of  nonlinearity  in  both  eqs  (4)  and  (5)  the 
typical  threshold  wave  amplitude  for  the  modulational 
instability  and  collapse  is  less  than  the  wave  amplitudes  for 
the  Langmuir  modulational  instability  by  the  factor  (m/M). 
Equations  (4)  and  (5)  can  be  regarded  as  the  equivalent  Zak¬ 
harov  equations  for  lower-hybrid  collapse. 

The  dispersion  relation  describing  the  modulational  insta¬ 
bility  of  a  pump  wave,  </>0 ,  decaying  into  two  lower-hybrid 
sidebands,  t/)*,  and  a  low  frequency  mode,  8n,  defined  by  the 
complex  amplitudes  in  the  form 

<t>0  =  <t> 0  exp  ^k01  Tl  -  i«LH  H  R2t  +  (?) 
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can  be  obtained  from  eqs  (4)  and  (5)  and  has  the  following 
form 
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are  the  frequency  mismatches  between  the  Stokes  and  anti- 
Stokes  satellites  and  the  pump  wave.  From  eq.  (10)  we  see 
that  there  is  no  instability  for  co-planar  wave  vectors,  i.e. 
k  ||  k0  - 

Equations  (10)  can  be  solved  to  yield  the  following  thresh¬ 
old  value  of  the  pump  electric  field  strength,  E0 ,  and  growth 
rate,  y,  sufficiently  above  threshold  namely 
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The  instability  results  in  the  modulation  of  the  pump  inten¬ 
sity  with  the  typical  perpendicular  and  longitudinal  space 
scales,  Lx  and  respectively,  being  given  by 
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and 
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with  Ll  <4  L  h  . 

The  modulation  of  the  electric  field  intensity  results  in 
cavity  formation  on  a  time  scale  t  ~  y-1  where  the  growth 
rate  y  is  given  by  eq.  (12). 

Bingham  et  al.  [20]  have  extended  this  analysis  by 
showing  that  the  low  frequency  mode  could  also  be  a  mag- 
netosonic  wave.  In  this  case,  strong  magnetic  field  pertur¬ 
bations  develop  perpendicular  to  the  ambient  field,  leading 
finally  to  wave  collapse  and  the  cascading  of  waves  to  larger 
parallel  wavenumbers,  k^ .  This  also  occurs  even  if  the  initial 
lower-hybrid  wave  has  kn  =0.  Due  to  the  modulational 
instability,  two  “satellite”  waves  are  excited.  The  presence  of 
these  satellites  causes  a  modulation  of  the  lower-hybrid 
wave  amplitude.  The  magnetic  field  develops  fine  structure, 
created  by  long  wavelength,  low  frequency  magnetosonic 
waves,  which  parametrically  couple  the  initial  lower-hybrid 
wave  to  its  satellites. 

Bingham  et  al.  [20]  have  shown  that  the  threshold  wave 
level  for  the  instability  of  lower-hybrid  waves  modulated  by 
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low  frequency  magnetosonic  waves  is  given  by 

\E\2  =  1  (oj  wp  k2  k±  B2  _  1  a>l 
87tnTe  $n  k%c2  me  k%  k01nTe  Ptklc2’ 

where  /Je  is  the  electron  plasma  beta,  and  k0L ,  k±  are  respec¬ 
tively  the  perpendicular  components  of  the  lower-hybrid 
pump  wave  and  the  magnetosonic  wave. 

Contrary  to  the  Langmuir  modulational  instability,  which 
develops  pancake  like  structures  with  Ln  <  L±,  i.e.  the 
plane  of  the  pancake  is  perpendicular  to  the  magnetic  field, 
lower-hybrid  cavitons  are  cigar  shaped  aligned  along  the 
magnetic  field. 

3.  Simulations  results 


lar  to  the  magnetic  field.  The  normalization  of  the  ring  part 
of  the  distribution  in  eq.  (16)  is  only  correct  if  vT  >  ve.  The 
core  ions,  ring  ions,  and  electrons  are  all  assigned  the  same 
initial  temperature.  The  electron  thermal  speed,  vc ,  is  set 
equal  to  0.034c:  with  a  realistic  electron  mass,  this  would 
correspond  to  an  initial  temperature  of  about  800  eV.  It 
should  be  remembered,  however,  that  mp/me  is  artificially 
small,  and  so  there  is  a  degree  of  flexibility  in  relating  a 
thermal  speed  to  a  temperature. 

The  other  parameters  of  the  simulation  are:  the  density 
ratio  of  ring  ions  to  core  ions,  njnc,  taken  to  be  3/7,  the 
ring  speed  is  set  equal  to  20vc  (=  ve);  and  the  electron  gyro- 
frequency,  a»ce,  is  twice  a>pe.  In  terms  of  the  simulation 
parameters,  the  Alfven  speed  is  given  by 


Particle  simulations  were  carried  out  using  ISIS,  a  fully  elec¬ 
tromagnetic,  relativistic  particle-in-cell  code.  There  are  two 
space  dimensions  and  three  velocity  dimensions,  with  the 
undisturbed  magnetic  field  B0  lying  in  the  coordinate  (x,  y) 
plane:  there  is  a  small  angle  between  B0  and  the  x-axis.  The 
ratio  mjme  is  taken  to  be  400.  Time  and  space  are  measured 
in  units  of  the  electron  plasma  period  1  /cope  and  the  plasma 
skin  depth  c/o)pe  respectively  (cupe  is  the  electron  plasma 
frequency).  In  terms  of  these  dimensionless  independent 
variables,  Maxwell’s  equations  and  the  equations  of  motion 
are  independent  of  the  absolute  values  of  the  particle 
masses.  Periodic  boundary  conditions  are  imposed,  so  that 
no  particles  are  lost  from  the  system.  A  detailed  description 
of  ISIS  has  been  provided  by  Su  [21]. 

The  ion  distribution  consists  of  a  Maxwellian  core  and  a 
hot  ring  perpendicular  to  the  magnetic  field: 
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where  vr  is  the  ring  speed,  vc  is  the  core  ion  thermal  speed, 
and  nc ,  nr  are  the  densities  of  core  ions  and  ring  ions  respec¬ 
tively.  »n  and  vx  are  the  ion  speeds  parallel  and  perpendicu¬ 
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i.e.  about  three  times  the  ring  speed.  If  the  ring  was  created 
as  a  result  of  ion  reflection  at  a  perpendicular  shock,  vT 
would  be  greater  than  va.  Alternatively,  if  the  ring  arose 
from  a  reconnection  process,  we  would  expect  vr  to  be 
rather  less  than  va .  Finally,  if  the  ions  are  initially  isotropic 
but  develop  a  loss  cone  distribution,  it  is  reasonable  to 
suppose  that  a  broad  range  of  “ring”  velocities  will  be 
present,  although  ions  with  speeds  in  excess  of  va  are  likely 
to  be  scattered  into  the  loss  cone  by  ion  cyclotron  wave 
turbulence  [22].  The  value  of  vT/va  chosen  for  the  simulation 
is  therefore  quite  reasonable.  The  chosen  number  density  of 
ring  ions  is  rather  high,  but,  with  a  ring  speed  of  20t>c,  it 
corresponds  to  an  energy  density  which  is  less  than  5%  of 
B2/Sn,  and  is  therefore  perfectly  consistent  with  a  magnetic 
origin.  The  mechanism  whereby  magnetic  field  energy  is 
transferred  to  gyrating  ions  could  involve  either  shock  dissi¬ 
pation  or  reconnection. 

Numerical  solutions  of  eqs  (4)  and  (5)  have  been  carried 
out  using  a  pseudo-spectral  code  to  investigate  two  and 
three  dimensional  collapse,  Fig.  l(a)-(d)  represents  solutions 
in  terms  of  the  lower-hybrid  electric  field  amplitude  and 
density  perturbation,  Figs  l(a)-(d)  represent  different  times. 


Fig.  1.  Dynamics  of  2D  collapse,  spatial  structure  of  electric  field  and  contours  of  equal  densities  of  the  cavity  (a)  t  =  0  •  |<5n|MAx  =  0.031;  (b)  t  =  230  • 
|  Bn  |MAX  =  0.06;  (c)  t  =  335  •  |  Bn  |MAX  =  0.25;  (d)  t  =  360  •  |  Bn  |MAX  =  0.38. 
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Fig.  2.  (a)  Low  frequency  density;  and  (b)  magnetic  field;  (c)  cavitons, 
arising  from  the  high-frequency  electric  field  envelope.  Dark  regions  are 
regions  of  most  intense  waves  located  in  regions  of  depleted  density,  x  and 
y  are  in  units  of  the  plasma  skin  depth,  c/a>pc . 


A  full  description  of  the  2  and  3-D  simulations  are  given  in 
Ref.  [2], 

It  is  clear  that  the  wave  energy  density  increases  as  the 
density  perturbation  decreases.  In  the  3-D  numerical  solu¬ 
tions  the  longitudinal  size  of  the  cavities  in  the  z  or  mag¬ 
netic  field  direction  is  still  greater  than  the  transverse  scale 
size.  It  also  appears  that  it  is  easier  to  initialize  the  collapse 
processes  in  3-D  than  in  2-D  [2].  There  is  clear  evidence 
from  the  simulations  using  ISIS  that  the  acceleration  of  elec¬ 
trons  and  ions  can  be  attributed  to  nonlinear  effects  associ¬ 
ated  with  density  cavitons  in  the  plasma.  An  analysis  of  the 
regions  where  energetic  particles  are  created,  reveals  the 
presence  of  collapsing  wavepackets.  These  regions  also 
contain  intense  wave  activity  as  seen  in  Fig.  2(a,  b,  c)  which 
shows  the  signature  of  the  modulational  instability. 

As  expected  the  regions  of  high  wave  intensity  correspond 
to  regions  of  low  density.  These  structures  are  elongated 
along  the  magnetic  field  direction  with  perpendicular  and 
parallel  dimensions  of  the  order  10iD  and  1001D  respectively 
(2d  being  the  Debye  length).  Figure  3  shows  the  directions 
of  energetic  electrons  created  within  these  localized  struc¬ 
tures  showing  that  the  acceleration  of  electrons  is  thus 
highly  filamented  and  field  aligned. 

The  parallel  electron  distribution  is  shown  in  Fig.  4.  For  a 
time  corresponding  to  t  =  300MP,.1,  there  is  a  well  developed 
beam  which  indicates  that  strong  wave  particle  trapping  is 
taking  place  within  the  caviton. 

Energetic  ions  are  also  observed  to  originate  within  the 
caviton  structures  and  shown  in  Fig.  5,  the  final  ion  dis¬ 
tribution  is  clearly  nonthermal  consisting  of  energetic  par¬ 
ticles  in  the  perpendicular  directions  some  heating  and 
acceleration  also  occurs  in  the  parallel  direction,  but  to  a 
much  lesser  extent.  Simultaneously  to  observing  energetic 
electrons  and  ions  intense  microwaves  are  also  observed  to 
be  generated  within  these  cavitons  or  hot  spots. 

The  structure  of  the  cavitons  never  gets  much  smaller 
than  about  1(UD  or  one  ion  gyro-radius,  this  is  in  contrast 
to  the  fluid  theory  which  predicts  collapse  down  to  about 
Ad.  However,  the  simulations  are  fully  self-consistent  with 
the  damping  of  the  waves  playing  a  major  role  in  the 
minimum  size  of  the  cavitons.  The  acceleration  process 
inside  the  cavity  cannot  be  simple  quasi-linear  diffusion 


Fig.  3.  Directions  of  energetic  electrons  in  the  x-y  plane,  showing  parallel  trajectory  and  filamentary  structure  of  electrons. 
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Fig.  4.  Parallel  electron  velocity  distribution  function  for  the  time  t  = 
300a)-1. 


since  this  would  not  produce  a  positive  slope  in  the  electron 
distribution  function.  It  is  probable  that  the  structure  acts 
more  like  a  coherent  wave  with  particles  interacting  more 
strongly  with  the  wave  through  transit  time  damping  or 
transitional  damping.  In  this  case  electrons  which  are  in 
phase  with  the  oscillations  inside  the  structure  can  gain 
more  energy  per  interaction  than  would  be  allowed  with  a 
quasi-linear  treatment.  The  particles  are  therefore  acceler¬ 
ated  more  effectively  than  would  be  expected  from  the 


quasi-linear  theory.  Strong  trapping  effects  may  be  taking 
place  which  can  also  alter  the  distributions  significantly. 
Strong  coupling  between  the  particle  populations  and  the 
waves  is  taken  place  inside  the  cavitons  as  the  wavenumber 
is  decreasing  rapidly,  coming  more  into  resonance  with  the 
bulk  of  the  distribution.  This  damping  is  a  very  effective 
saturation  mechanism  which  prevents  collapse  to  very  small 
dimensions. 

Figure  6  shows  the  time  evolution  of  the  electric  field 
energy  density  \E\2,  the  electron  energy,  and  the  ion  ring 
energy,  all  in  dimensionless  units.  Both  the  field  energy  and 
the  electron  energy  at  first  increase  linearly  with  time,  then 
grow  exponentially  in  the  periods  copc  t  =  350-550  and 
mpe  t  =  1000-1300.  At  the  end  of  the  simulation,  we  find 
that  approximately  10%  of  the  ring  energy  has  been  trans¬ 
ferred  to  the  electrons  and  core  ions,  while  less  than  1%  of 
the  energy  is  stored  in  all  the  waves  generated.  The  low 
instananeous  wavelevel  is  due  to  strong  particle  absorption. 
It  can  be  seen  that  wave  saturation  occurs  at  wpe  t  ~  600 
and  a>pet  ~  1300. 

The  time  evolution  of  the  parallel  electron  distribution,/,. , 
up  to  copet  =  1200  is  depicted  in  Fig.  7.  /„  is  plotted  as  a 
function  of  the  dimensionless  parallel  momentum  yv^/c  {y 
being  the  Lorentz  factor). 

The  period  of  exponential  wave  growth  clearly  corre¬ 
sponds  to  the  period  of  rapid  electron  acceleration.  After 
about  copc  t  =  600,  the  central  core  of  the  electron  distribu¬ 
tion  becomes  hotter,  and  the  maximum  electron  speed  con¬ 
tinues  to  increase,  eventually  reaching  0.8c  at  a>pet  =  1300 
(corresponding  to  an  energy  of  340-1000  keV,  depending  on 
the  simulation  electron  mass).  From  /e  we  can  compute  the 
rate  at  which  electrons  with  jmev2  greater  than  e0  are 
flowing  out  of  the  acceleration  site  per  unit  area : 

r  oo  r  co 

F(e0)  =  2jt  P||dv„  i\l  dUj./e(»||,  v±).  (18) 

Jy/2Eo/me  JO 
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Fig.  5.  Transverse  ion  velocity  distribution  function  for  times  t  =  0  and  t  =  1300a)1. 
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Fig.  7.  Time  evolution  of  the  parallel  electron  distribution,  plotted  as  a 
function  of  yvJc,  up  to  m  t  =  1200. 


energies  of  around  450  keV  (several  times  the  initial  energy 
of  the  ring  ions).  If,  on  the  other  hand,  we  set  mp  =  1200me 
(consistent  with  an  initial  temperature  of  800  eV),  we  find 
that  a  significant  number  of  protons  have  energies  in  excess 
of  1  MeV. 

The  electric  field  power  spectrum  at  various  times  during 
the  simulation  are  shown  in  Fig.  9.  The  intense  low  fre¬ 
quency  spikes  in  (a)  and  (d)  are  purely  electrostatic,  and 
occur  at  about  twice  the  lower-hybrid  resonance  frequency: 
the  fact  that  emission  at  this  frequency  dominates  the  spec¬ 
trum  early  in  the  simulation  indicates  the  importance  of 
lower-hybrid  wave  generation  in  the  acceleration  process.  In 
the  high  frequency  range,  emission  occurs  predominantly  at 
the  electron  cyclotron  frequency  at  cope  t  ~  400,  and  close  to 
the  upper  hybrid  frequency  couh  =  (a>2e  +  co2e)1/2  at  wper  =s 
1200.  We  have  not  determined  the  polarization  and  propa- 


(-0  pet 

Fig.  6.  Time  evolution  of  wave  energy  density,  electron  energy  and  ring  ion 
energy  up  to  <upcr  =  1500.  Dimensionless  energy  units  are  used. 


F(s0)  is  plotted  for  the  first  1200  plasma  periods  of  the 
simulation  in  Fig.  8.  F  is  normalized  to  2nnc.  e0  =  20keV 
and  mc  is  set  equal  to  its  true  value.  Taking  n  =  1010cm-3, 
we  find  that  by  copct  ~  1200  the  flux  has  risen  to  1.4  x  1018 
electrons  cm~2s_1.  The  time  profile  of  F  is  similar  to  that 
of  the  electron  energy,  insofar  as  the  flux  increases  rapidly 
during  the  periods  of  exponential  wave  growth. 

Figure  5  shows  the  distributions  of  core  ions  in  vy  space 
at  t  =  0  and  cope  t  =  1 300.  The  final  distribution  is  clearly 
nonthermal,  with  a  mean  energy  much  larger  than  the  initial 
thermal  energy.  The  distribution  of  v,  velocities  is  similar. 
Some  heating  and  acceleration  also  occurs  in  the  parallel 
direction,  but  to  a  much  lesser  extent.  If  mp  =  400me ,  where 
me  is  the  true  electron  mass,  the  fastest  ions  in  Fig.  5  have 
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Fig.  8.  Escaping  flux  of  electrons,  F,  with  energies  above  20kcV,  up  to 
n>pc t  =  1200.  The  flux  is  normalized  to  2nnc.  Thus,  if  n  =  10‘°cm~3, 
F  s:  1.4  x  1018  electrons  cm_2s_l  at  cu„,t  =  1300. 
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Fig.  9.  Electric  field  power  spectrum  at  co^t-  0.350  (a),  400  (b),  800  (c), 
and  1200  (d).  The  intense  low  frequency  spikes  in  (a)  and  (d)  occur  at  about 
the  lower  hybrid  resonance  frequency:  In  the  microwave  range,  emission 
occurs  predominantly  at  the  electron  cyclotron  frequency  at  early  times, 
and  at  the  upper  hybrid  frequency  at  later  times. 

gation  direction  of  these  emission  features,  and  so  their 
identification  is  uncertain.  However,  the  spike  co  =  coce  has  a 
magnetic  component,  and  it  may  be  the  signature  of  a 
perpendicular-propagating  electromagnetic  cyclotron  wave 
[23].  The  spike  at  co  =  cuuh,  on  the  other  hand,  appears  to 
represent  a  Bernstein  mode. 

4.  Conclusions 

We  have  presented  a  comprehensive  numerical  model  of 
particle  acceleration  in  lower-hybrid  cavitons  the  waves 
being  generated  by  an  anisotropic  ion  distribution.  We  have 
argued  that  there  are  several  viable  mechanisms  whereby 
unstable  (ring-like)  ion  distributions  could  be  generated:  the 
ubiquitous  presence  of  anisotropic  ions  in  both  laboratory 
and  space  plasmas  suggests  very  strongly  that  lower-hybrid 
turbulence  occurs  in  most  plasmas.  Ion  ring  and  loss  cone 
distributions  can  excite  waves  close  to  the  lower-hybrid  res¬ 
onance  frequency.  If  the  lower-hybrid  wave  amplitude  is  suf¬ 
ficiently  high,  the  wave  becomes  modulationally  unstable, 
cascading  to  shorter  wavelengths  and  Landau  damping  on 
parallel-propagating  electrons  and  perpendicular- 
propagating  ions  takes  place.  Lower-hybrid  wave  collapse 
can  thus,  uniquely,  lead  to  the  simultaneous  acceleration  of 
electrons  and  ions  within  cavitons.  Particle  simulation 
results  show  that  the  relaxation  of  an  ion  ring,  containing 
only  a  small  fraction  of  the  magnetic  field  energy  can  give 
rise  to  fluxes  of  electrons  and  ions  in  the  MeV  range  of  ener¬ 
gies  for  the  parameters  used  in  the  simulation.  Furthermore, 
the  accelerated  electrons  produce  bursts  of  high  frequency 
wave  emission  close  to  the  electron  cyclotron  frequency, 
with  narrow  bandwidths.  Unlike  the  electron  cyclotron 


maser  instability,  which  is  driven  by  a  loss  cone-type  anisot¬ 
ropy,  these  waves  are  driven  by  an  electron  distribution 
with  a  nonthermal  tail  along  the  parallel  direction.  In  a 
future  paper  we  intend  to  study  this  instability  in  more 
detail,  identifying  in  particular  the  polarization  of  wave 
emission  at  a>ce  and  its  harmonics. 

The  process  of  particle  acceleration  outlined  above  is 
ubiquitous  to  all  plasmas  and  will  play  a  major  role  in  areas 
such  as  the  aurora,  bow-shocks,  solar  flares  [24,  25]  and 
supernovae  remants. 
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Abstract 

We  give  an  overview  of  plasma  phenomena  which  can  either  alter  the  fre¬ 
quency  spectrum  of  an  already  existing  source  of  radiation  or  generate 
radiation  from  another  energy  source.  These  phenomena  include  para¬ 
metric  instabilities,  harmonic  generation,  photon  acceleration  and  FEL’s. 


1.  Introduction 

The  development  of  plasma-based  radiation  sources  is  a 
rapidly  expanding  field  in  plasma  physics  research  [1],  The 
emergence  of  this  field  is  due  to  the  potential  of  plasma- 
based  coherent  radiation  sources  to  provide  tunable  radi¬ 
ation  spanning  many  wavelengths  and  pulse  durations.  Such 
unique  sources  could  have  applications  in  a  range  of  topics 
including  spectroscopy,  radar,  chemistry,  medical  imaging, 
and  plasma  diagnostics. 

This  research  could  also  have  implications  to  the  field  of 
astrophysics,  where  radiation  is  the  main  diagnostic  of  an 
astrophysical  object  or  event.  The  physical  phenomenon 
upon  which  the  plasma  radiation  sources  are  based  could  be 
occurring  naturally  in  space,  and  thus  be  either  altering  the 
radiation  or  generating  it.  As  a  result,  the  detected  radiation 
spectrum  may  not  be  the  same  as  that  generated  at  the 
source. 

In  this  article  we  give  an  overview  of  the  physical  mecha¬ 
nisms  upon  which  plasma-based  radiation  sources  are 
based.  The  phenomena  described  are  Raman  scattering,  har¬ 
monic  generation  from  Raman  backscatter,  relativistic 
effects  and  critical  surface  interactions,  photon  acceleration 
in  plasma  waves  and  ionization  fronts,  and  unconventional 
FEL’s. 


2.  Raman  scattering 

In  Raman  scattering  [2]  an  incident  electromagnetic  wave 
decays  into  another  electromagnetic  wave  and  an  electron 
plasma  wave.  The  physical  mechanism  can  be  understood  as 
follows.  The  incident  wave  scatters  off  a  thermal  plasma 
wave.  The  ponderomotive  force  (or  light  pressure)  arising 
from  the  beat  pattern  of  the  incident  and  scattered  electro¬ 
magnetic  waves  then  reinforces  the  plasma  wave.  The  inci¬ 
dent  wave  then  rescatters  off  the  reinforced  plasma  wave. 
Therefore,  the  scattered  wave  and  the  plasma  wave  grow  as 
the  feedback  loop  continues.  It  is  clear  from  the  above 
mechanism  that  w  and  k  matching  is  required: 

w0  =  o)p  +  cus, 

*0=*p+*s, 

where  the  subscripts  0,  p,  s  denote  the  incident,  plasma  and 
scattered  waves  respectively.  The  scattered  wave  can  propa¬ 
gate  in  all  4tc  steradians  with  the  direction  of  plasma  wave 


being  determined  from  k  matching.  We  briefly  review  two 
extreme  scattering  angles,  180°  and  0°. 

2.1.  Raman  backscatter 

When  the  scattered  electromagnetic  wave  propagates  in  the 
opposite  direction  to  the  incident  wave,  the  Raman  insta¬ 
bility  is  called  Raman  backscatter  (RBS).  In  this  case  the 
phase  velocity  of  the  plasma  wave  is 


co0  —  cos  ~  qip 
V  =  \k0\  +  \K\  =  2  k0 


<  c 


where  c  is  the  speed  of  light.  The  instability  can  be  modeled 
[2]  by  a  wave  equation  for  As  and  a  harmonic  oscillator 
equation  for  3n 


~d?  +  d?-no  lA‘  =  5nA°' 


fr+lUl, 


d2 


(A0AS), 


(1) 

(2) 


where  As  is  the  vector  potential  of  the  scattered  wave,  3n  is 
the  density  perturbation  of  the  plasma  wave,  and  n0  is  the 
background  density.  We  neglect  the  plasma  temperature 
and  normalize  time  to  \  distance  to  c/(op  and  current  to 
ecn0 .  Using  these  equations  the  temporal  growth  can  be 
derived  as,  3naeyoT  where 
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Theoretical  and  experimental  work  on  RBS  has  examined 
the  effects  of  bandwidth  and  coherence  of  the  pump  [3].  The 
instability  is  found  to  be  suppressed  if  the  bandwidth  and 
the  reciprocal  of  the  coherence  time  is  greater  than  the 
growth  rate.  This  work  is  relevant  to  space  plasmas,  where 
the  radiation  is  not  necessarily  coherent. 

The  importance  of  RBS  to  space  and  astrophysical 
plasmas  is  that  it  could  lead  to  significant  absorption  of  the 
source  radiation,  even  when  the  source  radiation  frequency 
is  much  greater  than  the  plasma  frequency,  top.  The 
absorbed  energy  will  ultimately  be  deposited  into  the 
plasma  when  the  plasma  wave  breaks.  We  comment  that  an 
FEL  can  be  viewed  as  RBS  in  the  frame  of  the  beam. 


2.2.  Raman  forward  scatter 

When  the  scattered  electromagnetic  wave  propagates  in  the 
same  direction  as  the  incident  wave  the  Raman  instability  is 
called  Raman  forward  scatter  (RFS).  In  this  case  the  phase 
velocity  of  the  plasma  wave  is  very  close  to  the  speed  of 
light 


«o  - 


=  c. 
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Therefore,  RFS  can  generate  relativistic  electrons.  The 
analysis  for  RFS  is  easiest  in  a  Galilean  system  moving  at 
the  speed  of  light  because  all  the  waves  have  phase  velocities 
near  c.  After  making  a  transformation  to  the  variables 
ip  =  t  —  (x/c),  t  =  t,  the  model  equations  become  [4] 

(3) 


where  (p  is  the  electrostatic  potential.  A  difference  between 
RBS  and  RFS  is  that  for  RFS,  in  addition  to  the  down 
shifted  scattered  wave,  there  is  an  upshifted  scattered  wave, 
<us  =  ojp  +  co0 .  Therefore,  RFS  is  a  4-wave  instability  and  is 
sometimes  referred  to  as  a  modulational  instability  [2].  The 
temporal  growth  rate  is 


The  possible  importance  of  RFS  to  space  plasmas  is  that 
it  can  generate  both  frequency  broadening  via  spectral  cas¬ 
cading  and  relativistic  electrons  via  wavebreaking.  The 
amount  of  broadening  is  limited  to  Aco  =  2co0 .  The  energy 
of  the  electrons  depends  on  the  plasma  density  and  is 
roughly  given  by 


3.  Harmonics 

An  intense  electromagnetic  wave  propagating  in  a  plasma 
can  generate  harmonics  from  several  nonlinear  mechanisms. 
These  include  relativistic  mass  effects,  the  V  x  B  force, 
Raman  backscatter  and  resonance  absorption.  The  first 
three  effects  require  linearly  polarized  waves  and  only  gener¬ 
ate  odd  harmonics. 


3.1.  Relativistic  and  V  x  B  harmonics  in  under  dense  plasmas 
An  electron  oscillating  in  an  electromagnetic  wave  in 
vacuum  executes  the  well  known  figure-eight  plus  drift 
motion.  The  velocity  of  this  motion  can  be  decomposed  into 
odd  harmonics  in  the  transverse  direction  and  even  harmo¬ 
nics  in  the  longitudinal  direction.  This  harmonic  content  is 
due  to  the  relativistic  mass  nonlinearities.  Sarachik  and 
Schappert  [5]  made  a  detailed  study  of  the  harmonic 
content  generated  from  radiation  scattering  off  a  single  elec¬ 
tron.  It  may  seem  that  the  odd  harmonic  content  of  an  elec¬ 
tromagnetic  wave  in  a  plasma  could  be  ascertained  by 
assuming  that  the  harmonics  scattered  from  a  single  elec¬ 
tron  in  the  forward  direction  add  coherently.  However,  in 
an  underdense  plasma  the  density  bunching  from  the  longi¬ 
tudinal  part  in  the  figure-eight  motion  creates  a  source  term 
which  almost  exactly  cancels  the  relativistic  mass  correc¬ 
tions  [6],  To  illustrate  this,  we  calculate  the  third  harmonic 
[7]  by  expanding  the  current  source  term  in  the  wave  equa¬ 
tion  to  only  third  order  in  the  vector  potential, 


(zl  A  ilA  _  " 

\  c2  8t2  +  dx2)  y 


A  s  (n0  +  bn)A(  1  -  jA2) 


=  n0  A  +  (bn-  jn0  A2)A. 


(5) 


As  just  discussed  there  are  two  source  terms  for  the  third 
harmonic.  The  3nA  term  caused  by  the  V  x  B  longitudinal 
bunching  and  the  —  jn0A3  term  from  the  relativistic  mass 
corrections.  If  A  =  ax0  cos  i p0  and  i p0  =  k0x  —  to0 1,  then  it 
can  be  shown  that  [7] 

dn  =  "YA  cos  2^°  =  0(a^ 

— 4o>5  +  1 

and 


I  A2  =  iuio(l  +  cos  2ip0)  s  O(aio) 

where  each  source  term  is  0{a\0).  However,  the  total  third 
harmonic  source  term  is 

=  (6) 

where  the  source  terms  almost  cancel,  with  their  difference 
being  a)p/cwo  times  smaller  than  each  term  separately. 

The  amplitude  of  the  third  harmonic  can  be  calculated  by 
substituting  the  total  source  term,  eq.  (6),  into  the  wave 
equation,  eq.  (5).  This  gives 


n  3  a  jp 

°3  64  -4a)2  +  1 


(7) 


from  which  the  ratio  of  the  power  in  third  harmonic.  P3 ,  to 
that  in  the  fundamental  can  be  calculated. 


Pi 

Pi 


/ay  a,  j±\2 alo< 

\64J  (-4 a>l  +  l)2  \256J  xo  a>*0 


(8) 


For  axo  <  1  and  underdense  plasmas  [(tOp/co0)  <§  1],  the 
harmonic  conversion  efficiency  is,  therefore,  very  low. 

The  harmonic  conversion  efficiency  can  be  calculated  for 
arbitrarily  large  pump  strengths  [7,  8]  in  the  underdense 
limit  and  the  result  is 


£3  _  [  _L_  j  “10 
Pi  \256j  (1  +  ux0/2)3  coq  ’ 

Therefore,  P3/Pt  cannot  be  increased  to  large  values  by 
simply  increasing  axo.  It  can  also  be  shown  that  Pn+2/P„  — 
P3/Px  for  all  n. 

As  the  plasma  density  is  increased,  the  amplitude  of  the 
harmonics  increases.  This  occurs  because  there  are  more 
charges  to  radiate.  Near  critical  density,  i.e.,  when  a>p  =  a>0, 
a  further  enhancement  occurs  because  the  magnetic  field 
vanishes  and  this  prevents  V  x  B  density  bunching.  A  fully 
nonlinear  analysis  provides  the  simple  result  that  at  critical 
density  [7] 


=  {10) 
Pt  n* 

Therefore,  coherent  harmonic  generation  in  underdense 
plasma  is  energetically  insignificant. 


3.2.  Relativistic  and  V  x  B  harmonics  from  over  dense 
plasmas 

As  just  shown,  the  lowest  order  harmonic  source  term  is 
proportional  to 

(<5n  —  jA2)A.  (11) 

In  the  underdense  limit  dn  ~  \A2  so  harmonic  generation 
was  small.  At  critical  density  bn  ->  0  because  the  magnetic 
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field  vanishes.  However,  even  in  this  case,  harmonic  gener¬ 
ation  is  not  significant.  The  level  of  harmonics  can  be 
increased  if  the  radiation  impinges  an  overdense  plasma, 
because  the  number  of  radiators  is  large.  The  harmonics  are 
generated  by  nonlinear  currents  within  a  skin  depth  of  the 
critical  surface,  and  the  harmonics  are  reflected  [9],  In  this 
case  the  dominant  source  term  is  <5n  because  the  electric 
field,  and  hence,  the  \A2  term  is  shielded  by  the  plasma. 

A  lowest  order  analysis  predicts  that  when  radiation 
impinges  on  a  step  function  density  profile  with  plasma 
density  n0 ,  i.e.,  cop  ~  co0 ,  the  power  in  the  third  harmonic  is 

[9] 


~  _L  j4  ^0_ 

p  t  10  10  coy 


(12) 


Calculating  the  power  in  the  higher  harmonics  and  a  fully 
nonlinear  analysis  is  difficult,  so  to  determine  these  we 
resort  to  particle-in-cell  simulations.  Typical  results  are 
shown  in  Fig.  1,  where  PJPt  is  plotted  as  a  function  of  A10 
for  (co20/u>o)  =  50.  The  value  of  P3/Pt  given  by  eq.  (12)  is 
shown  by  the  solid  line.  The  theoretical  analysis  is  invalid 
for  Al0a)0/iop0  >  1,  which  is  where  the  simulation  results 
lie  below  the  solid  line. 

We  find  that  the  harmonic  conversion  efficiency  is  signifi¬ 
cantly  increased  if  the  step  function  density  profile  is 
replaced  by  a  gradual  ramp.  We  believe  the  increase  is  due 
to  the  increased  width  of  the  skin  depth. 

Researchers  in  Los  Alamos  observed  even  harmonic  gen¬ 
eration  [10]  from  a  critical  surface  in  both  experiments  and 
simulations.  In  this  case,  the  harmonics  were  caused  by  the 
anharmonic  nature  of  surface  plasma  waves  generated  by 
resonant  absorption  at  the  sharp  plasma-vacuum  interface. 


3.3.  Harmonics  from  Raman  Backscatter 
Coupled  equations  were  given  earlier  which  model  Raman 
Backscatter  (RBS).  These  equations  were  derived  in  the 
small  A10  limit.  Recently,  Esarey  and  Sprangle  [11]  showed 
that  if  higher  order  terms  are  kept,  nonlinear  RBS  of 
linearly  polarized  waves  could  generate  odd  harmonics.  For 


RADIATION  GENERATION  USING  ODD  HARMONICS 
FROM  THE  CRITICAL  SURFACE 


POWER  RATIO  VS.  P/MC 


Fig.  1.  Harmonic  conversion  efficiency  for  an  incident  wave  upon  a  plasma 
slab  with  density  50  times  the  critical  density,  plotted  against  the  incident 
wave’s  amplitude.  The  solid  line  is  the  theoretical  prediction  of  eq.  (12). 


illustrative  purposes,  we  consider  only  the  lowest  order  non- 
linearities  and  identify  the  terms  which  generate  the  third 
harmonic.  The  modified  coupled  equations  are 


(=±?L  +  ^\a 

\c2  dt2  +  dx2) 


=  LA  =  -  A  ~  (n0  +  Sn)A(  1 


jA2)  (13) 


and 


x  Sid  8  ,  2  8  A2 

Sn*Txytoy*Txi'-'!A)Tx  T- 


(14) 


Recall  that  in  linear  RBS,  a  light  wave  decays  into  a  plasma 
wave  and  a  reflected  light  wave.  The  plasma  wave  has  a 
frequency  at  a>p  and  therefore,  by  co  matching,  the  reflected 
light  wave  has  a  frequency  at  (o0  —  cop.  Furthermore,  from  k 
matching  the  plasma  wave  has  a  k  of  ~  2k0 .  In  nonlinear 
RBS  higher  order  couplings  result  from  the  RHS’s  of  eqs 
(13)  and  (14), 


(L  -  n0)As  tyXj 


(15) 


and 


In  order  for  an  instability  to  occur,  each  wave  must  still 
be  a  normal  mode.  So,  if  8n  has  a  frequency  of  cup ,  then  As 
has  a  frequency  of  3co0  —  a>p  ~  3a>0 .  From  k  matching  this 
requires  that  Sn  have  a  k  at  kp  =  ks  -  3 k0 ,  i.e.,  kp  =  6 k0 . 
Therefore,  nonlinear  RBS  of  the  third  harmonic  can  be 
viewed  as  the  decay  of  three  pump  photons  into  a  plasma 
wave  and  a  single  scattered  photon.  The  plasma  wave  is 
driven  by  the  various  combinations  of  AsAl  terms  in  eq. 
(15).  Therefore,  the  scaling  of  the  growth  rate  with  A0  can  be 
quickly  ascertained  as  y0a/4|0.  Similar  arguments  can  be 
used  to  show  that  the  growth  rate  of  the  nth  harmonic  is 
proportional  to  A"10 .  Sprangle  and  Esarey’s  calculation  is 
fully  nonlinear  but  is  only  valid  for  strongly-coupled  (no 
space  charge  effects)  RBS. 

This  instability  is  probably  not  important  in  plasmas 
because  the  higher  harmonics  are  generated  with  large  k's, 
i.e.,  2 nk0.  These  plasma  waves  will  be  heavily  Landau 
damped  for  typical  plasma  densities  and  temperatures 
unless  the  instability  is  in  the  strongly  coupled  regime.  This 
mechanism  may,  however,  generate  harmonics  during  FEL- 
type  interactions. 


4.  Photon  acceleration 

Upshifting  existing  sources  of  radiation  by  temporally  alter¬ 
ing  the  dielectric  function  of  a  medium  is  the  oldest  plasma- 
based  concept.  When  the  dielectric  function  varies  only  in 
time,  then  the  wave  number  remains  fixed  and  only  the  fre¬ 
quency  changes  [12],  Larger  upshifts  occur  when  the  dielec¬ 
tric  function  depends  on  the  variable  x-ct  rather  than  time 
alone,  where  c  is  the  speed  of  light.  In  this  case  both  the 
frequency  and  the  wave  number  increase.  We  concentrate 
on  this  case  because  it  provides  the  largest  upshifts. 

The  rate  of  upshift  and  some  physical  insight  can  be 
obtained  by  considering  two  phase  fronts  of  a  wave  moving 
in  the  same  direction  as  a  moving  dielectric  boundary.  This 
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Fig.  2.  Schematic  of  two  phase  fronts  moving  down  a  dielectric  function 
gradient. 


is  depicted  in  Fig.  2.  The  positions  of  two  neighboring  phase 
fronts  at  t  =  t0  are  labeled  as  Xl0  and  X20 .  After  a  time  At 
these  fronts  have  moved  to  positions  Xx  and  X2 ,  given  by 

Xx  =  2f10  4-  A  tv<t>1  (17) 

and 

X2  =  X20  +  At  V<t>2  (18) 

where  v^1  and  v^2  are  the  phase  velocities  of  light  at  the 
respective  positions  in  the  dielectric  boundary.  The  bound¬ 
ary  is  assumed  to  be  moving  at  c,  so  that  a  negligible  phase 
slippage  occurs  between  the  boundary  and  phase  fronts. 
Therefore,  each  front  moves  at  the  phase  velocity  corre¬ 
sponding  to  its  local  value  of  e,  v#  =  1/,/e.  Subtracting  X2 
from  X1  gives 

A  =  X2  -  Xt  =  A0  +  A0  At  ^  (19) 


or  rewriting  this  in  terms  of  the  frequency  gives 

1  doj  _  d_  _1_ 

oi  dt  6x  J~e 


(20) 


as  the  rate  of  frequency  upshifting.  Therefore,  as  a  wave 
moves  along  with  a  dielectric  boundary,  its  frequency 
increases  if  the  dielectric  function  has  a  negative  slope.  The 
plasma  dielectric  function  can  be  varied  in  this  manner  by  a 
variety  of  ways.  These  include  a  relativistic  plasma  wave,  an 
ionization  front,  a  recombination  front,  and  a  relativistic 
electron  beam. 


4.1.  Relativistic  plasma  waves 

The  moving  dielectric  boundary  could  be  a  plasma  wave 
with  a  phase  velocity  near  the  speed  of  light,  i.e.,  a  rela¬ 
tivistic  plasma  wave.  In  such  a  wave  the  plasma  density  is 
modulated  as 

n  =  n0  +  Sn  cos  ( kp  x  —  oipt) 

where  aip /kp  ~  c.  The  dielectric  function  for  an  electromag¬ 
netic  wave  of  frequency  oi0  is  £  =  (1  —  oip/o)q)  which  can  be 
written  as 

e  =  1  —  — (l+  —  cos  (kpx  —  cOpt)')  (21) 

®0  \  «0  J 


when  the  density  is  modulated  by  a  plasma  wave.  Substitut¬ 
ing  this  into  eq.  (20)  and  assuming  a  very  underdense 
plasma  gives 


1  8oi  cOpQ  qjp0  Sn 
oi  dt  2  co2  n 


sin  (kpx  -  cop  t) 


(22) 


for  the  rate  of  frequency  upshift.  This  result  was  first 
obtained  by  Wilks  et  al.  [13],  and  the  mechanism  was  called 
photon  acceleration  because  of  the  analogy  with  particle 
acceleration  in  relativistic  plasma  waves.  The  disperson  rela¬ 
tion  for  light  in  a  plasma  is  analogous  to  the  relativistic 
relationship  between  energy  and  momentum  for  a  particle 

co2  =  oil  +  c2fe2  (23) 

and 


E 2  =  m2c4  +  c2p2.  (24) 

Therefore,  the  group  velocity  of  light  in  a  plasma,  vg  = 
c2{k/oi)  —  cv/l  —  Wp/co2,  can  be  identified  as  the  velocity  of 
a  photon  in  a  plasma.  If  the  photon  is  accelerated  then  its 
velocity  (ug),  momentum  (k),  and  energy  (co),  should  all 
increase.  Furthermore,  when  a  short  pulse  is  placed  in  a 
plasma  wave,  the  pulse’s  energy  increases  at  the  expense  of 
the  plasma  wave’s  energy.  This  is  analogous  to  beam 
loading  of  particles  in  plasma  waves  [14].  In  addition,  it  can 
be  shown  that  the  number  of  photons  is  conserved  so  that 
the  increase  in  energy  is  proportional  to  the  increase  in  fre¬ 
quency  of  each  photon. 

This  process  is  probably  not  important  in  space  and 
astrophysical  plasmas  because  the  amount  of  upshift  is 
limited.  The  photons  eventually  outrun  the  plasma  wave, 
limiting  the  upshift  [9]  to 


where  oi0  is  the  initial  frequency. 


4.2.  Ionization  fronts 

Another  moving  dielectric  boundary  is  an  ionization  front, 
where  ahead  of  the  front  is  unionized  gas  and  behind  the 
front  is  newly  formed  plasma.  Radiation  is  upshifted  when 
radiation  is  either  counterpropagating  or  copropagating 
with  respect  to  the  front.  When  examining  the  counter- 
propagating  geometry,  it  is  useful  to  consider  the  situation 
in  the  front’s  frame.  This  is  depicted  in  Fig.  3.  In  this  frame 
the  front  is  a  stationary  boundary  which  emits  electrons  and 
ions  away  from  the  incident  radiation  with  a  velocity  v{. 
The  analysis  is  a  boundary  value  problem  with  the  bound¬ 
ary  conditions  that  transverse  electric  and  magnetic  fields  be 
continuous  and  that  the  transverse  current  vanish  at  the 
boundary.  The  boundary  condition  for  the  current  is 
required  because  the  plasma  at  the  boundary,  having  just 
been  created,  cannot  have  any  transverse  velocity.  Since 
there  are  three  boundary  conditions,  there  must  be  three 
modes  besides  the  incident  wave.  These  are  a  reflected,  a 
transmitted,  and  a  free  streaming  wave.  The  free  streaming 
wave  exists  because  the  plasma  is  streaming.  In  this  frame 
each  of  these  waves  has  the  same  frequency  as  the  incident 
wave.  The  incident  wave  has  been  doppler  upshifted  to 
oif  =  (1  +  v{/c)ytoii  ^  2y{oii  where  yf  =  (1  —  vf/c2)~1'2.  On 
the  other  hand,  the  plasma  frequency  oip  =  (4 ne2n/m)112  is  a 
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Fig.  3.  A  schematic  for  an  incident  electromagnetic  wave  impinging  a  front 
in  the  (a)  lab  frame  and  (b)  front’s  frame. 


Lorentz  invariant  because  the  density  and  the  mass  both 
increase  by  the  factor  yt.  The  transmitted  wave  is  evanes¬ 
cent  if  (Of  <  a>p .  Therefore,  the  front  is  called  overdense  if 
cof  <  «)p  and  underdense  if  a>{  >  cop . 

The  generated  frequencies  can  be  determined  by  trans¬ 
forming  the  co’s  and  k’s  back  to  the  lab  frame.  The  k  of  each 
wave  in  the  front’s  frame  is  determined  from  the  respective 
dispersion  relations  of  each  wave.  The  incident  and  reflected 
waves  have  the  dispersion  relation  for  a  wave  in  vacuum, 
i.e.,  k  =  ±co/c,  the  transmitted  wave  has  the  dispersion  rela¬ 
tion  in  plasma,  i.e,  k  =  Joi1  —  cop/c  (recall  cop  is  a  Lorentz 
invariant)  and  the  free  streaming  wave  has  the  dispersion 
relation  k  =  (co/v().  Upon  transforming  these  a/s  and  k’s 
back  to  the  lab  frame,  we  obtain 


Therefore,  the  reflected  wave  has  the  double  Doppler  factor 
just  as  from  a  moving  mirror  and  the  free  streaming  mode 
becomes  a  static  magnetic  field. 

In  1967,  Semenova  [15]  and  in  1978  Lampe  et  al.  [16], 
calculated  the  reflection  coefficient  when  the  ionization  front 
is  overdense.  They  found  that  the  power  reflectivity  is  unity, 
but  that  the  reflected  energy  is  lower  than  the  incident 
energy  by  the  double  Doppler  factor  4yf2  because  the  pulse  is 
compressed.  The  pulse  compression  occurs  because  the 


number  of  cycles  in  the  pulse  is  conserved  and  each  cycle  is 
now  shorter.  In  this  overdense  case  most  of  the  incident 
energy  is  deposited  into  the  static  magnetic  field. 

In  the  underdense  case  the  reflectivity  becomes  negligible 
for  fronts  with  realistic  profiles.  However,  in  1991  [17],  it 
was  shown  that  large  upshifts  occur  from  the  transmitted 
wave  for  underdense  fronts.  This  is  seen  in  eq.  (26).  Inter¬ 
estingly,  when  the  large  upshifts  occur,  i.e.,  when  icol/cof  P 
1,  the  wavenumber  is  negative  and  hence  the  “transmitted” 
wave  exits  the  plasma  in  the  direction  of  the  front.  The 
physical  reason  for  this  is  that  when  ja>2/a)?  >  1,  the  plasma 
becomes  dense  enough  so  that  in  the  front’s  frame,  the 
group  velocity  of  the  transmitted  wave  is  less  than  v(. 
Therefore,  upon  transforming  back  to  the  lab’s  frame,  the 
energy  of  this  wave  is  actually  travelling  backwards.  In  the 
underdense  case,  the  power  in  the  transmitted  wave  is  equal 
to  the  incident  power.  As  before,  the  energy  in  this  mode  is 
less  than  the  incident  energy  by  the  frequency  upshift  factor 
and  most  of  the  energy  resides  in  the  magnetic  field  (if 
ja)p/cof  >  1).  Frequency  upshifts  from  overdense  and  under¬ 
dense  fronts  have  been  verified  in  simulations  [17],  and 
upshifts  from  underdense  front  have  been  observed  in 
experiments  [18], 

The  above  mechanisms  still  occur  for  non-ideal  fronts. 
The  reflection  coefficient  for  the  overdense  case  and  the 
transmission  coefficient  for  the  underdense  case  are  insensi¬ 
tive  to  the  spatial  gradient  of  the  front  [16,  17,  19].  For 
finite  gradients,  the  static  magnetic  field  phase  mixes  and  the 
energy  in  this  mode  is  converted  to  thermal  energy. 

Radiation  can  also  be  upshifted  for  arbitrary  angles  of 
incidence.  The  co-propagating  case  [13,  20-22]  can  be 
viewed  as  the  later  half  of  the  counterpropagating  case. 
When  radiation  is  reflected,  it  acquires  half  of  the  4 yf 
upshift  going  up  the  front  (counterpropagating)  and  the 
other  half  going  down  (co-propagating)  the  front.  The  differ¬ 
ence  is  that  for  finite  gradient  fronts,  the  radiation  instantly 
is  upshifted  moving  up  the  front,  while  it  may  take  a  long 
time  (distance)  to  move  down  the  front  because  both  the 
radiation  and  the  front  are  moving  together  at  c.  The  co- 
propagating  case  has  also  been  observed  in  experiments 
[20],  and  it  is  similar  to  photon  acceleration  in  plasma 
waves  [13],  The  difference  is  that  the  plasma  wave  has 
energy  while  the  ionization  front  does  not.  Therefore,  radi¬ 
ation  pulses  can  gain  energy  from  the  plasma  wave  with 
photon  number  being  conserved.  This  is  not  the  case  for 
ionization  fronts.  Savage  et  al.  [18],  considered  upshifting 
guided  waves.  Their  results  can  be  used  to  obtain  upshifts 
for  waves  with  arbitrary  angles  of  incidence  because  waves 
in  a  waveguide  are  plane  waves  bouncing  in  the  guide  at 
various  angles. 

The  generated  frequencies  can  also  be  calculated  in  the 
lab  frame  by  requiring  that  the  wave’s  phases  be  equal  to 
within  a  constant  at  the  front  [16].  This  is  necessary  in 
order  that  the  electric  and  magnetic  fields  be  continuous  at 
the  front.  The  phase  of  a  wave  is  defined  to  be 

<w,  t  +  kt  x 


where  ±  refers  to  the  direction  of  the  wave.  The  position  of 
the  front  is  x  =  vf  t  (the  front  is  moving  to  the  left),  so  the 
phase  of  wave  /  is 


(to,  ±  kt  v()t. 
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The  continuity  of  the  phase  of  a  wave  to  that  of  the  incident 
wave  requires 

(CO,  +  k,  Vf)  =  (oj;  +  k;  vf)  =  C; .  (28) 

Therefore,  any  new  wave  must  fall  along  a  straight  line  with 
slope  ±  vf  in  an  co  and  k  diagram.  Furthermore,  the  gener¬ 
ated  waves  must  intersect  the  dispersion  relation  of  waves  in 
either  vacuum  or  plasma. 

This  to  and  k  diagram  technique  is  particularly  useful  for 
determining  the  number  of,  the  frequency  of,  and  the  propa¬ 
gation  direction  of  waves  generated  by  an  ionization  front 
in  a  magnetized  plasma  [23].  We  illustrate  [23]  this  in  Fig. 
4,  where  such  diagrams  are  used  for  magnetic  fields  oriented 
perpendicular  and  parallel  to  the  propagation  direction  of 
the  front.  The  diagram  shows  that  two  additional  modes  are 
generated  in  a  magnetized  plasma.  This  necessitates  addi¬ 
tional  boundary  conditions.  For  the  _L  case,  these  are  that 
the  charge  density  and  the  parallel  current  must  vanish  at 
the  front.  For  the  ||  case,  the  conditions  are  continuity  of 


electric  and  magnetic  fields  in  the  other  transverse  polariza¬ 
tion  planes. 

The  frequency  of  the  reflected  wave  is  unchanged.  The 
transmitted  wave  is  relatively  unchanged  as  well  for  small 
values  of  coJcop  where  <wc  is  the  cyclotron  frequency. 
However,  if  a>Jcop  is  large,  as  may  very  well  be  the  case  in 
astrophysical  plasmas,  then  the  upshifts  can  be  substantially 
different  in  a  magnetized  plasma.  For  sufficiently  large 
values  of  coJcop,  the  incident  radiation  can  be  upshifted  to 
coc.  Details  can  be  found  in  reference  [23]  by  C.  H.  Lai  et 
al,  and  in  the  paper  by  C.  H.  Lai  et  al,  in  this  volume.  In 
the  earlier  paper  the  reflection  and  transmission  coefficients 
are  calculated,  and  in  the  later  paper  the  effects  of  non-ideal 
fronts  are  considered. 

Photon  acceleration  in  ionization  fronts  may  be  impor¬ 
tant  in  space  plasmas.  It  could  be  energetically  important 
and  because  it  is  a  linear  process,  it  does  not  depend  sensit¬ 
ively  on  the  coherence  of  the  initial  radiation.  If  the  ioniza¬ 
tion  front  has  a  non-constant  vf,  then  the  frequency  of  the 


Fig.  4.  (a)  Dispersion  relations  for  the  plasma  in  a  perpendicular  magnetic  field.  The  dotted  curve  is  for  the  unmagnetized  case.  The  three  intersections  (Xj, 
X2  and  X3)  of  co  +  [Sck  =  (1  +  P)oj0  with  the  upper  and  lower  branches  gives  solutions  for  the  three  transmitted  modes,  and  X,  denotes  the  streaming 
mode  with  zero  frequency  in  the  lab  frame,  a)Jcop  =  1,  yf  =  1000.  (b)  Dispersion  relations  for  the  plasma  in  a  parallel  magnetic  field  for  R  waves.  The 
dotted  curve  is  for  the  unmagnetized  case.  The  two  intersections  (Rj  and  R2)  of  <o  +  lick  =  (1  +  /J)co0  with  the  upper  and  lower  branches  gives  solutions 
for  the  two  transmitted  modes.  mjcap  —  1,  yf  =  1000.  (c)  Dispersion  relation  for  the  plasma  in  a  parallel  magnetic  field  for  L  waves,  the  dotted  curve  is  for 
the  unmagnetized  case.  The  two  intersections  (Lj  and  L2)  of  co  +  pck  =  (1  +  p)co0  with  the  upper  and  lower  branches  give  solutions  for  the  two  transmit¬ 
ted  modes.  a>Ja>p  =  1,  y,  =  1000.  (We  define  fl  =  vt/c). 
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reflected  wave  will  broaden.  However,  as  seen  in  eq.  (26a), 
the  frequency  of  the  transmitted  wave  will  not  be  affected. 


4.3.  Electron  beam 

We  briefly  mention  that  another  possible  moving  dielectric 
boundary  could  be  an  electron  beam.  A  relativistic  electron 
beam  would  act  identically  as  a  relativistic  moving  mirror. 
In  a  laboratory  it  is  not  possible  to  create  an  overdense  elec¬ 
tron  beam.  However,  in  space,  such  dense  electron  beams 
may  exist.  The  requirement  is  that  in  the  rest  frame  of  the 
beam  the  incident  radiation  must  be  less  than  the  plasma 
frequency.  In  its  own  frame,  the  beam’s  density  is  n0/yb 
where  n0  is  the  beam  density  in  the  lab  frame.  Therefore,  the 
requirement  for  an  overdense  beam  is 


co  o 

w[  =  2yb0)i  <  Wp  =  ^ji 

where  cop0  =  4ne2n0/m.  This  can  be  rewritten  as 


(29) 


CO; 


< 


WpQ 

2yb/2 ' 


(30) 


A  critical  difference  between  a  moving  mirror,  i.e.,  an  elec¬ 
tron  beam,  and  an  ionization  front  is  that  the  mirror  con¬ 
tains  kinetic  energy  while  the  ionization  front  does  not. 
Therefore,  a  reflection  from  a  moving  mirror  conserves 
photon  number  and  amplifies  the  energy  of  the  incident 
pulse. 

We  note  that  an  underdense  electron  beam  could  also 
upshift  radiation  via  the  transmitted  wave  just  as  an  ioniza¬ 
tion  front  does.  This  transmitted  wave  exists  inside  the 
beam.  If  it  eventually  exits  the  beam  while  the  beam 
(dielectric  boundary)  is  moving,  it  will  lose  the  upshift.  This 
is  not  a  problem  when  upshifting  from  ionization  fronts 
because  in  general  the  ionization  stops;  and  then  the  radi¬ 
ation  exits  through  a  stationary  boundary. 


5.  Free  electron  lasers 

In  a  free  electron  laser  (FEL)  the  kinetic  energy  of  an  elec¬ 
tron  beam  is  converted  into  coherent  radiation.  The  radi¬ 
ation  is  generated  when  electrons  are  wiggled  and  lasing 
occurs  when  this  radiation  leads  to  bunching  of  the  electron 
beam.  In  the  conventional  FEL  mechanism,  wiggling  is 
caused  by  static  magnets  and  gain  requires  good  beam 
quality,  i.e.,  emittance  and  brightness.  The  electrons  can  also 
be  wiggled  by  a  counterpropagating  electromagnetic  wave. 
In  addition,  high  gain  requires  dense  beams  to  be  trans¬ 
ported  through  the  wiggler  over  long  distances. 

Plasmas  may  have  applications  in  FEL’s  in  both  the 
focusing  and  the  wiggling  of  the  electron  beam.  Coherent 
magnetic  fields  are  unlikely  to  exist  in  space  (magnetic  fields 
generated  by  ionization  fronts  could  possibly  act  as 
wigglers).  However,  coherent  plasma  oscillations  of  rela¬ 
tivistic  space  charge  waves  could  provide  large  wiggling 
forces  [24],  The  electrons  will  wiggle  with  a  velocity  of  dne/n 
where  Sn/n  is  the  amplitude  of  the  wave.  Two  geometries 
have  been  proposed  and  these  are  discussed  in  Ref.  [25]. 

When  an  electron  beam  with  a  density  greater  than  the 
plasma  density  propagates  in  a  plasma,  it  expels  the  plasma 
electrons  leaving  only  an  ion  channel.  The  space  charge  of 
the  beam  is  neutralized  and  the  beam  is  pinched  by  the 


V  x  B  force  from  its  own  azimuthal  magnetic  field  [26],  The 
focusing  force  scales  as  3  x  109  n0  Gauss/cm,  where  n0  is  the 
plasma  density  in  units  of  cm-3.  This  focusing  could  guide 
dense  beams  over  long  distances.  Furthermore,  the  betatron 
oscillations  resulting  from  this  focusing  could  themselves  act 
as  a  wiggler.  This  is  called  the  ion-channel  FEL  and  details 
can  be  found  in  Refs  [27]  and  [28],  Recently,  Chen  and 
Dawson  [29]  proposed  that  FEL  radiation  will  be  gener¬ 
ated  when  an  electron  beam  propagates  obliquely  to  a  pre¬ 
formed  density  channel.  The  beam  creates  an  ion  channel 
but  because  of  the  density  ripple,  the  electrons  are  wiggled 
at  a  much  shorter  wavelength  than  in  the  ion-channel  FEL. 
This  scheme  is  called  the  ion-ripple  FEL. 

Whether  plasma  FEL  mechanisms  are  important  in  space 
will  depend  on  plasma  uniformity  and  whether  high  energy 
electron  beams  and  coherent  plasma  waves  exist.  Most 
likely,  these  mechanisms  could  provide  incoherent  radiation 
but  not  gain. 

6.  Summary 

In  summary,  we  have  briefly  reviewed  some,  but  certainly 
not  all,  plasma  mechanisms  that  could  either  alter  already 
existing  radiation  or  generate  new  radiation.  These  include 
parameter  instabilities,  harmonic  generation,  photon  accel¬ 
eration,  and  novel  FEL’s. 
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Abstract 

We  study  the  longitudinal  dynamics  of  a  relativistic  charged  particle  bunch 
through  a  cold,  unmagnetized  plasma,  within  the  framework  of  the  recently 
proposed  thermal  wave  model  for  relativistic  charged  particle  beam  propa¬ 
gation.  We  show  that,  under  the  action  of  both  a  purely  electrostatic 
plasma  wave  potential  well  and  the  plasma  wake  potential  (self-interaction), 
the  longitudinal  bunch  dynamics  is  governed  by  a  nonlinear  Schrodinger 
equation  for  a  complex  wave  function  whose  squared  modulus  is  pro¬ 
portional  to  the  longitudinal  bunch  density.  This  wave  model,  for  which 
the  diffraction  parameter  is  represented  here  by  the  longitudinal  emittance, 
allows  us  to  study  synchrotron-like  oscillations  in  the  plasma  wave  poten¬ 
tial  well  as  well  as  to  obtain  a  longitudinal  envelope  equation  which 
includes  the  self-interaction.  Furthermore,  we  show  that  a  soliton  solution 
for  the  bunch  density  is  possible  and  it  results  to  be  the  natural  asymptotic 
evolution  of  a  modulational  instability  occurring  when  the  bunch  propa¬ 
gates  in  the  plasma  under  the  action  of  the  self-force  only. 


1.  Introduction 

Recently  a  quantum-like  description  of  optics  and  dynamics 
of  charged  particle  beams,  (the  so-called  thermal  wave 
model  for  relativistic  charged  particle  beam  propagation), 
has  been  proposed  in  the  literature  [1]  and  successfully 
applied  to  a  number  of  physical  problems  such  as  beam 
dynamics  in  both  conventional  accelerating  machines  [2-5] 
and  new  plasma-based  particle  accelerator  schemes  [6].  In 
particular,  this  quantum-like  description  has  been  given 
both  for  transverse  aberrations  of  a  quadrupole  lens  with 
sextupole  and  octupole  deviations  [2-4]  and  for  self- 
consistent  nonlinear  interaction  between  the  plasma  wake 
field  and  the  driving  relativistic  electron  (positron)  beam 
[6].  In  addition,  this  model  seems  appropriated  for  describ¬ 
ing  nonlinear  longitudinal  dynamics  in  particle  accelerators 
giving,  in  particular,  a  wave  picture  for  coherent  instability 
[5], 

In  this  paper,  according  to  the  previous  work  [1-6],  we 
suggest  to  study  the  nonlinear  longitudinal  dynamics  of  a 
relativistic  charge  particle  bunch  in  a  cold,  unmagnetized 
plasma,  supposing  that  it  propagates  under  the  action  of 
both  a  purely  electrostatic  plasma  wave  and  the  plasma 
wake  potential.  To  this  end,  we  propose  a  sort  of  nonlinear 
Schrodinger  (NLS)  equation  for  a  complex  wave  function  'P, 
the  so  called  beam  wave  function  (bwf),  whose  squared 
modulus  gives  the  longitudinal  density  profile  of  the  beam. 


2.  Hamiltonian  of  relativistic  charge  particle  motion  in  a  cold 
plasma 

2.1.  Single  particle  dynamics  in  a  plasma  wave 

Let  us  consider  the  motion  of  charged  particle  of  charge 
q  >  0  with  velocity  /?c(/?  x  1)  along  x-direction  in  a  cold, 


unmagnetized  plasma  where  a  plasma  wave  is  present.  We 
assume  that  the  electric  field  associated  with  the  plasma 
wave,  with  phase  velocity  v^xc  is  given  by: 

Epo  =  *Ep0  sin  4>(t),  (2.1) 

where  x  is  the  unitary  vector  along  the  x-axis.  The  particle 
will  be  accelerated  or  decelerated  by  the  electric  field, 
depending  on  the  initial  relative  phase  between  particle  and 
wave.  In  general,  this  interaction  causes  the  particle  to  slip 
in  phase  relative  to  the  plasma  wave.  However,  there  is  a 
particular  phase  <ps ,  called  synchronous  phase,  for  which  the 
particle  does  not  change  its  energy  and  remains  locked  in 
phase  with  the  wave.  By  following  the  standard  treatment  of 
the  single  particle  motion  well  known  in  particle  acceler¬ 
ators  [7,  8],  we  introduce  a  phase  displacement  </>  with 
respect  to  the  synchronous  one,  so  that : 

<t>  =  +  4>s  =  kpx  +  4>s,  (2.2) 

where  kp  is  the  plasma  wave  number  ( kp  =  cop/c,  cop  being 
the  plasma  frequency)  which  in  the  following  is  supposed  to 
be  a  constant  and  x  is  the  longitudinal  particle  displacement 
with  respect  to  the  synchronous  position. 

By  denoting  with  &  =  (A E/E0)  =  (E  —  E0)/E0  the  relative 
variation  of  the  particle  energy  E  (E0  =  m0yc2  being  the 
synchronous  particle  energy),  we  get : 


dx 

ds 


(2.3) 


^  qEPo  (fc  +  <£  )  -  sin  <ps]  (2.4) 

ds  m0  yc 

where  s  =  cr,  y  =  (1  —  fi2)~il2.  It  is  easy  to  prove  that  (2.3) 
and  (2.4)  can  be  obtained  from  the  following  dimensionless 
Hamiltonian: 


H  =  f2  +  Uw,  (2.5) 

2y 

where 


U  s  qE*° 
w  m0 yc2kp 


l(kpx 


—  sin  kp  x)  sin  <f>s  +  cos  kp  x  cos  <j>  J 


(2.6) 


(plasma  wave  potential  well). 

For  very  small  phase  displacement,  i.e.  1  (linear 

case),  (2.6)  becomes : 


l/. 


—  K  px2  +  const., 


(2.7) 
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where 


=  qEp0kp  cos  <ps 
p~  m0  y3c2 


Hamilton’s  equations  become  now  the  following: 


m 

dSP 


(2.14) 


Note  that,  since  we  are  concerning  with  non-modulated 
plasma  wave  number  (usually  in  conventional  accelarating 
machines  the  radio  waves  are  frequency-modulated),  it  is 
necessary  but  not  sufficient  that  tj)s  satisfies  the  condition 
sin  (j)s  —  0,  namely  </>s  =  nn,  with  n  integer.  Thus,  if  Ep0  >  0, 
a  phase-stability  criterion  can  be  established  from  (2.8)  for 
which  cos  (f>s  <  0  (cos  (ps  >  0)  corresponds  to  stability 
(instability).  Consequently,  for  getting  synchronous  phase  it 
is  sufficient  to  choose 

4>s  =  (2  n  +  1)tc.  (2.9) 

In  the  linear  approximation  (2.7),  any  non-synchronous  par¬ 
ticle  will  execute  phase  oscillations  around  <j)s .  This  way,  by 
considering  the  single  particle  dynamics  of  each  charged 
particle  of  a  bunch  injected  in  the  plasma,  in  principle  it  is 
possible  to  describe  statistically  the  particle  distribution  in 
the  phase-space  during  the  interaction  with  the  plasma 
wave,  according  to  the  usual  methods  developed  in  particle 
accelerators  [7,  8]. 

2.2.  Collective  effects 

According  to  the  standard  description  of  the  plasma  wake 
field  excitation  (self-interaction)  [9],  when  a  charge  particle 
bunch  of  length  a  is  much  greater  than  the  plasma  wave¬ 
length  lp  =  2n/kp  is  injected  in  an  overdense  cold  plasma, 
we  have : 


ds 


g2  dnb 

e2ynp  dx  ’ 


(2.15) 


where  (2.6)  and  (2.12)  have  been  used.  Equations  (2.14)  and 
(2.15)  are  fully  similar  to  the  motion  equations  which  hold 
in  particle  accelerators  for  longitudinal  charged  particle 
dynamics  when  the  interaction  between  the  bunch  and  the 
surrounding  medium  is  produced  by  both  a  RF  cavity  and  a 
purely  reactive  longitudinal  coupling  impedance  [10]. 


3.  Wave  equation  for  longitudinal  dynamics 

In  order  to  find  an  equation  which  describes  the  longitudi¬ 
nal  evolution  of  the  bunch,  by  taking  into  account  both  its 
thermal  spreading  (longitudinal  emittance)  and  its  inter¬ 
action  with  the  surrounding  medium  (plasma  wave  potential 
well  and  plasma  wake  potential),  we  use  the  recently  pro¬ 
posed  thermal  wave  model  for  particle  beam  propagation 
[1],  which  has  been  successfully  applied  to  a  number  of 
physical  situations  in  particle  accelerators  [2-5]  and  in 
plasma  physics  [6].  In  particular,  according  to  the  formal¬ 
ism  developed  in  Ref.  [5],  we  introduce  in  (2.13)  the  follow¬ 
ing  correspondence  rules : 


en^x,  s)  ~  qnb(x,  s),  (2.10) 

where  e  is  the  absolute  value  of  the  electron  charge  and  nt(x, 
s)  and  nb(x,  s)  are  the  plasma  number  density  perturbation 
(jii  np,  np  being  the  unperturbed  plasma  number  density) 
and  the  bunch  number  density,  respectively.  In  addition,  we 
assume  that  our  bunch  is  transversally  flat.  Consequently, 
the  wake  potential  is  proportional  to  n1  [9],  and  the  effec¬ 
tive  potential  energy  us  associated  with  the  particles  of  the 
bunch  is  given  by: 

q2m0c2  nb(x,  s) 


This  energy  can  be  put  in  the  following  dimensionless  form : 


U=- 


q2  nb(x,  s) 


3  3 

H-+H  =  i£^r  (3.16) 

ox  OS 

where  £  is  the  longitudinal  beam  emittance.  Consequently, 
the  following  Schrodinger-like  equation  for  a  complex  func¬ 
tion  T(x,  s),  the  so-called  beam  wave  function  (bwf),  can  be 
assumed 

dT  - 

ie  —  =  H'V  (3.17) 

os 

where  H  =  (#2/2y2)  +  (C/w  +  Us)  =  (#2/2y2)  +  U,  namely: 
d'P  e2  d2y¥ 

+  <318> 

Equation  (3.18)  describes  the  evolution  of  the  bwf  whose 
squared  modulus  is  related  to  the  bunch  density  in  the  fol¬ 
lowing  way.  Let  us  introduce  the  transverse  number  density 


Note  that  the  bunch  particles  can  be  thought  as  indepen¬ 
dent  particles  but  singularly  subjected  to  a  mean  field  given 
by  (2.12). 

2.3.  Combined  effects 

In  order  to  describe  the  particle  motion  in  the  plasma  wave 
in  the  presence  of  the  self-interaction  given  by  the  plasma 
wake  field,  we  assign  the  following  dimensionless  Hamilto- 


gP2 

h  =  —2  +  uw  +  us. 


of  the  bunch  E, 


*00 

=  nb(x, 

J—  oo 


s)  dx  =  const,  (number  of  par¬ 


ticles  per  unit  transverse  section),  we  assume  that 
nb(x,  s)  =  EJ^x,  s)  |2, 

provided  that  the  following  normalization  is  satisfied : 


|  *F(x,  s)  |2  dx  =  1.  (3.20) 

J—  oo 

This  means  that  with  (3.19)  we  have  assumed  that  ITI2 
represents  the  normalized  longitudinal  density  profile  of  the 
bunch. 
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For  the  linearized  plasma  wave  potential  well  [see  eq. 
(2.7)]  and  by  using  (2.12)  and  (3.19),  (3.18)  becomes: 

W  dS-~  2  dx-  +  lK’X  n„y>  W  V  (3'21) 

where  e  =  e/y2.  This  wave  equation,  given  for  the  present 
problem  within  the  framework  of  the  thermal  wave  model 
for  particle  dynamics,  is  a  modified  form  of  the  well  known 
nonlinear  Schrodinger  equation  (NLS)  [11]  describing  a 
number  of  very  important  nonlinear  phenomena  in  physics 
[11,  12],  In  particular,  an  analogous  form  of  (3.21)  seems  to 
govern  the  nonlinear  longitudinal  dynamics  in  particle 
accelerators  when  both  RF  cavities  and  a  reactive  longitudi¬ 
nal  coupling  impedance  are  taken  into  account,  as  it  has 
been  recently  pointed  out  [5]. 

3.1.  Particle  distribution  in  the  plasma  wave  potential  well 
( synchrotron-like  oscillations) 

In  this  section  we  want  to  determine  the  particle  distribu¬ 
tion  in  the  configuration  space  when  in  the  (3.21)  the  self¬ 
interaction  term  (wake  potential)  is  negligible  compared  to 
the  harmonic  one.  This  means  that  the  bunch  is  not  dense 
enough  to  introduce  appreciable  effects  of  self-interaction. 
So  that,  (3.21)  reduces  to: 

d'V  f2  d2y¥ 

+  (3'22) 
A  complete  set  of  eigenfunctions  associated  to  (3.22)  is : 


~  x2  ' 
4  a2(s)_ 
(s)22m{m\)2y 

’  [*  2~£P(s)  + 


4/JX’  S)  [2no2(s)22m(m  !)2]1/4  H^2  a(s). 


+ 1*  a2- 

*-2\ds)  +Sa2  +  lKpG  ~ 


const., 


Note  that  it  is  easy  to  recognize  that:  (a)  a  can  be  defined 
also  in  terms  of  the  following  quantum-like  rms  of  x  (bunch 
length),  namely 


"  r®  “ii/2 

cr(s)=  x2|'F0(x,  s)|2  dx  ; 
_  J  —  00  _ 


(b)  equation  of  o(s),  (3.27),  i.e.  (3.24),  describes 
synchrotron-like  oscillations;  (c)  the  quantity  (ap/2y4)  = 
5(dcr/ds)2  +  (£2/8<t2)  appearing  in  (3.28)  can  be  also  intro¬ 
duced  in  terms  of  the  following  quantum-like  definition  of 
the  rms  linear  momentum  (bunch  momentum  spread): 


=H: 


\d'VJdx\2  dx 


(d)  the  quantity  £  can  be  also  given  by  the  following 
quantum-like  definition  (total  averaged  energy  associated 
with  the  longitudinal  bunch  motion): 

•cO 

£  =  4'SH‘Fodx.  (3.31) 

J-  00 

The  equilibrium  condition  d2a/ds2  =  0  gives,  from  (3.24) 

<3,32> 

where  a0  and  crp0  are  the  equilibrium  value  of  a  and  ap. 
Since  for  the  present  case  the  bwf  is  Gaussian,  in  obtaining 
(3.32)  we  have  introduced  the  minimum  value  a0  ap0  =  e/2 
of  the  product  aap  consistently  with  the  following  quantum¬ 
like  uncertainty  principle  which  holds  in  the  framework  of 
the  thermal  wave  model  [1-6] : 

(3-33) 

3.2.  Envelope  equation  with  self-interaction 

In  this  section  we  find  an  aberrationless  solution  of  (3.21) 
following  the  standard  techniques  of  nonlinear  e.m.  wave 
optics  [12].  We  look  for  a  solution  of  (3.21)  in  the  form: 


+  i(l  +  2m)0(s) 


In  (3.23)  the  function  cr(s),  p(s)  and  ®(s)  are  solutions  of  the 
following  system  of  differential  equations 

d2o  e2 

dsI  +  Kp<7~4?  =  °’  (324) 

1  1  da 

-  =  (3.25) 

p  ad  s 


and  Hm(x)  are  the  Hermite-polynomials  with  m  a  non¬ 
negative  integer.  Note  that  |'Fm|2  for  m  =  0  (fundamental 
mode)  gives  a  Gaussian  particle  distribution.  Remarkably,  it 
can  be  easily  proved  that  (3.24)  is  completely  equivalent  to 

d2a2 

~-t  +  4K<j2  =  4£,  (3.27) 


^/4%s) 


¥(x,  s)  = 


where  the  eikonal  has  been  supposed  as : 

^•S)=^+,I(S)'  <3-35» 

By  substituting  (3.34)  and  (3.35),  separating  the  real  part 
from  the  imaginary  one,  and  expanding  |'P|2  up  to  the 
second-power  of  x  (aberrationless  approximation)  we  get  an 
equation  system  for  the  effective  particle  bunch  length  a(.v), 
the  curvature  radius  of  the  wavefront  p(s),  and  the  phase 
<D(s).  Therefore : 

d2a  £  e2 

d7  +  /Cpff-^~4/V  =  °  136) 

where  £  =  (q2/e2)fLJ^/:hiy2n0)  >  0.  We  first  observe  that  in 
the  limit  of  negligible  self  interaction  (£  a  0),  (3.36)  gives  the 
envelope  equation  for  the  synchrotron-like  motion  [see  eq. 
(3.24)].  Let  us  consider  now  the  equilibrium  condition, 
namely  d2a/ds2  =  0,  when  the  self  interaction  is  not  negligi¬ 
ble.  In  this  case  (3.36)  gives: 


/  c  \4  /  a  \ 

a  —  —51  —  1  —  1=0 

W/  \ao/ 


where  a  =  KJ\  Kp  |  and  d  =  f/(|  Kp  |  o%).  Since  a(s)  is  a  posi¬ 
tive  function  and  ^  is  a  positive  constant,  it  can  be  easily 
seen  that  (3.37)  is  possible  only  for  a  =  1.  Consequently,  we 
conclude  that  the  equilibrium  solutions  o’0  associated  with 
(3.36)  exist  only  for  Kp  >  0,  namely  </>s  =  (2 n  +  l)7t,  and 
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satisfy  the  condition 

ff'o  >  0O  ■  (3.38) 

This  means  that  the  competition  between  the  effect  on  the 
particles  due  to  the  plasma  wave  potential  well  and  the  self 
interaction  produces,  in  correspondence  with  the  synchro¬ 
nous  phase,  a  new  equilibrium  condition  which  results  in  a 
bunch  lengthening  according  to  (3.38).  For  3  1  and  a  =  1 

the  solution  of  (3.37)  is  approximately  a'0  «  (1  +  3/4)0  0 ,  but, 
as  the  self-interaction  becomes  more  and  more  important, 
the  bunch  lengthening  becomes  more  and  more  significant. 
For  example,  for  <5  =  1,  o'0  «  1.22<r0 ,  for  3  =  10,  o'0  ss 
2. 1 9cr0 ,  and  for  <5  =  100,  o'0  &  4.64<r0 . 

3.3.  Modulational  instability 

We  now  analyze  the  response  of  the  system  to  a  small  per¬ 
turbation  in  the  bunch  distribution  under  the  action  of  the 
self-interaction  only  (the  plasma  wave  is  considered 
switched  off).  In  the  case  (3.21)  assumes  the  following  form 

d'P  82x¥ 

i—  +  PTT  +  em24'  =  0.  (3.39) 

os  ox 

For  this  generic  cubic-NLS  a  small  perturbation  is  unstable 
(stable)  if  the  following  condition  (Lighthill  criterion)  is 
satisfied  [11,  12]: 

PQ>  0  (PQ  <  0).  (3.40) 

Consequently,  for  the  (3.39)  with  P  =  e/2  and  Q  = 
q2l.b/(e2npy3E)  we  have  only  instability  with  respect  to  a 
small  density  perturbation.  This  is  formally  identical  to  the 
so-called  modulational  instability  of  an  e.m.  wave  packet 
travelling  in  a  nonlinear  medium  [11,  12]  and  for  the 
present  case  it  describes  the  self-bunching  of  the  particle 
bunch  under  the  action  of  its  plasma  wake  potential. 

3.4.  Soliton  solution 

Still  considering  the  plasma  wave  switched  off,  a  solitary 
solution  of  (3.39)  with  P  =  e/2  and  Q  =  q2’Lb/(e2npy3s)  is 
found  by  looking  for  a  solution  of  the  following  envelope 
form: 

¥(*,  s)  =  G(x  -  p0  s)Qikox--'<»o*  (3.4  i) 

with  k0  and  co0  real  numbers.  According  to  the  general 
theory  of  NLS  equation  [11],  the  condition  PQ  >  0,  satis¬ 
fied  by  (3.39),  is  the  right  condition  to  have  solitons.  The 
soliton-like  solution  for  the  beam  density,  which  satisfies 
(3.19)  and  (3.20)  is  thus: 


4.  Remarks  and  conclusions 

In  this  paper,  we  have  described  the  nonlinear  longitudinal 
dynamics  of  a  relativistic  charged  particle  bunch  in  cold, 
unmagnetized  plasmas  within  the  context  of  the  recently 
proposed  thermal  wave  model  for  relativistic  charged  parti¬ 
cle  beam  propagation  [1],  We  have  shown  that  the  nonlin¬ 
ear  interaction  between  the  bunch  and  the  surroundings 
(plasma  wave  potential  well  and  plasma  wake  fields)  is  gov¬ 
erned  by  an  appropriate  NLS  equation  [eq.  (3.21)],  fully 
similar  to  that  one  which  holds  for  the  propagation  of  an 
e.m.  bunch  in  a  nonlinear  medium  in  paraxial  approx¬ 
imation.  In  this  analogy,  our  system  satisfies  Lighthill  cri¬ 
terion  (modulational  instability  [11,  12]),  and  the  density 
can  assume  a  soliton-like  profile.  Physically,  a  sort  of  com¬ 
petition  between  the  diffractive  energy  (i.e.  thermal  energy) 
and  the  self  energy  is  established.  We  have  instability  when 
the  self  energy  term  overcomes  the  diffraction  one.  Accord¬ 
ing  to  Section  3.4  a  soliton  formation  would  be  the  natural 
evolution  of  the  initial  beam  density  modulation  toward  a 
self  bunching  which  asymptotically  gives  a  soliton-like 
envelope  wave  train.  We  finally  observe  that  the  present 
treatment  has  allowed  us  to  describe  the  phase-slip  oscil¬ 
lations  (synchrotron-like  oscillations)  of  the  particle  bunch¬ 
ing  in  the  plasma  wave  potential  well  as  well  as  to  obtain  a 
longitudinal  envelope  equation  including  self-interaction. 
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Abstract 

A  nonlinear  theory  has  been  developed  for  the  generation  of  perfect  azi¬ 
muthal  bunching  on  a  beam  with  axial  initial  electron  velocity  by  slow 
radiation  fields  generated  by  the  interaction  itself,  under  conditions  of  the 
anomalous  Doppler  shift.  The  dynamics  of  the  beam  is  formulated  in  the 
framework  of  a  Hamiltonian  analysis  and  the  helical  equations  of  motion 
are  derived  along  with  the  two  exact  invariant  quantities  of  the  system  in 
hand.  Utilizing  time  separation  a  simplified  set  of  equations  is  derived 
which  compares  favourably  with  the  exact  model  at  least  for  small  initial 
pitch  ratios.  The  simplified  model  is  then  utilized  for  calculating  the 
properties  of  an  electron  beam  buncher.  The  latter  is  also  optimized  to 
maximize  the  generated  transverse  momentum. 


1.  Introduction 

A  beam  of  free  electrons,  with  each  individual  electron  pro¬ 
pagating  along,  and  gyrating  around,  a  static  magnetic  field, 
is  at  the  well-known  cyclotron  resonance  with  an  electro¬ 
magnetic  wave,  when  the  wave  frequency,  Doppler-shifted  in 
the  electron  frame  of  reference,  is  approximately  equal  to 
the  electron  gyrofrequency  (or  its  harmonics,  when  the 
amplitude  of  the  wave  fields  is  non-uniform  in  a  direction 
perpendicular  to  the  magnetostatic  field).  When  this  cyclo¬ 
tron  condition  is  satisfied,  extended  energy  exchange 
between  the  electron  beam  and  the  radiation  fields  is  pos¬ 
sible,  in  a  way  that  coherent  emission  could  be  obtained  at 
the  expense  of  the  electron  kinetic  energy. 

Among  the  cyclotron  resonance  interactions  a  prominent 
role  is  played  by  the  Cyclotron-Resonance  Maser  (CRM),  or 
Electron-Cyclotron  Maser  (ECM)  [1-3].  In  this  interaction, 
the  wave  electric  field  affects  the  relativistic  mass  factor  of 
the  electrons  and  consequently  the  relativistic  electron 
gyrofrequency,  so  that  a  bunch  is  formed  in  the  transverse 
momentum  vector  of  the  electrons  and  the  associated  elec¬ 
tron  current  in  turn  drives  the  wave  fields.  The  technologi¬ 
cally  most  advanced  variant  of  the  CRM  is  the  gyrotron, 
characterized  by  a  negligible  Doppler  shift.  Gyrotron 
devices  have  succeeded  in  demonstrating  production  of 
megawatt  power  at  the  upper  range  of  the  microwave  fre¬ 
quency  spectrum  [4-9],  An  increase  of  the  frequency  into 
the  infrared  spectrum  appears  promising  by  the  Cyclotron 
Auto-Resonant  Maser  (CARM),  the  CRM  variant  employ¬ 
ing  a  large  Doppler  shift  [5,  10-13],  In  addition,  other  inter¬ 
actions  based  on  cyclotron  resonance  are  the  Weibel 


instability,  in  which  the  wave  magnetic  field  affects  the  axial 
velocity  of  the  electrons  and  consequently  the  Doppler-shift 
term,  resulting  again  the  transverse  bunching  [14],  as  well 
as  the  peniotron  instability,  based  on  a  systematic  shift  in 
the  electron  guiding  centre,  under  the  action  of  the  wave 
fields  [15]. 

In  all  these  interactions,  the  free  energy  of  the  electrons 
resides  in  the  transverse  motion,  and,  therefore,  transverse 
momentum  must  be  imparted  upon  the  beam  electrons, 
either  at  the  beam  source,  or  by,  e.g.  a  magnetic  wiggler. 
These  processes  increase  beam  temperature  and  for  this 
reason  it  appears  that  an  interaction  employing  transverse 
wave  fields  at  cyclotron  resonance  with  a  beam  having  ini¬ 
tially  only  longitudinal  velocity  might  be  able  to  be  proved 
more  attractive  than,  e.g.  the  gyrotron.  Notice  that  such 
electron  beams  can  be  produced  with  high  degree  of  mono- 
energeticity  by  a  Pierce  gun,  for  instance.  The  investigation 
of  this  possibility,  as  well  as  the  estimation  of  the  expected 
performance  of  devices  based  on  this  interaction,  has  been 
the  subject  of  an  ongoing  research  programme  at  the 
National  Technical  University  of  Athens  (Greece). 

Employing  basic  principles  [16]  one  can  study  whether 
and  under  what  conditions  an  axial  velocity  beam  can  be 
used  to  generate  radiation  at  the  electron  cyclotron  reson¬ 
ance.  Denoting  by  Ex  and  Bx  the  (rotating)  transverse  elec¬ 
tric  and  magnetic  field  vectors  of  the  wave,  respectively,  and 
by  v0  the  axial  initial  electron  velocity,  it  can  be  immediately 
seen  from  the  term  E±  +  v0  x  Bx  in  the  Lorentz  force  equa¬ 
tion  that  when  I  Ex  |/|  Bx  |  <  |  v0 1,  then  the  acceleration  of 
the  electrons  is  coparallel  with  the  electric  field.  If,  at  the 
same  time,  the  magnetostatic  field  has  the  appropriate  value 
for  cyclotron  resonance,  the  synchronous  rotation  of  elec¬ 
trons  and  wave  fields  has  as  a  result  that,  whichever  amount 
of  transverse  velocity  is  developed  on  the  electrons  they 
remain  in  phase  with  the  wave  electric  field.  This  holds  true 
for  all  electrons,  and  therefore,  in  the  transverse  current  that 
is  thus  developed,  all  electrons  contribute  equally  and  by  the 
full  amount  of  their  transverse  velocity.  Thus,  the  transverse 
electric  current  density  of  the  beam  electrons  is  the 
maximum  possible.  In  view  of  this  resonance  condition,  the 
electron  contribution  to  the  current  density  rotates  with  the 
wave,  remaining  continuously  antiparallel  to  the  wave  elec¬ 
tric  field.  Therefore,  they  feed  energy  to  the  wave  under  the 
most  favourable  conditions. 
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Based  on  these  observations,  a  nonlinear  analysis  [16-19] 
has  been  developed,  based  on  the  study  of  electron  trajec¬ 
tories  in  a  large  amplitude  plane  wave  at  steady  state.  It  has 
indicated  that  impressive  efficiencies,  approaching  100%, 
can  be  reached,  at  reasonable  interaction  lengths.  In  addi¬ 
tion,  the  linear  theory  has  been  developed,  using  a  fluid 
model  to  represent  the  electron  beam,  both  for  the  cases  of 
an  oscillator  [20]  and  an  amplifier  [21].  The  linear  results 
indicate  substantial  linear  growth  rates  and  moderate 
requirements  for  the  starting  current,  as  well  as  a  weak 
mode  competition. 

The  work  cited  in  [16-19]  is  based  on  a  simplified  model, 
in  which  the  radiation  fields  are  assumed  with  constant 
transverse  components  and  no  axial  components.  In  the 
present  work,  the  model  has  been  extended  and  all  these 
dependencies  are  taken  into  account.  Equations  of  motion, 
describing  the  dynamical  behaviour  of  the  electron  beam, 
have  been  obtained,  by  means  of  the  rigorous  Hamiltonian 
formalism,  and  integrated  in  an  appropriate  (helical)  coordi¬ 
nate  system.  It  is  readily  shown  from  the  analysis  that  slow 
waves  are  necessary  for  the  interaction  and  that,  due  to  limi¬ 
tations  in  the  attainable  rf  field  amplitudes,  the  resulting  effi¬ 
ciency  is  not  as  high  as  originally  envisaged.  In  this  way,  it 
is  concluded  that  the  prospects  of  directly  using  this  inter¬ 
action  for  high  power  generation  (e.g.  for  heating  of 
tokamak  plasmas)  are  not  so  attractive. 

An  alternate  application  of  a  beam  with  axial  initial  elec¬ 
tron  velocity  at  cyclotron  resonance  with  radiation  fields  of 
low  amplitudes  is  proposed  and  analysed  in  this  paper:  the 
autonomous  beam  buncher.  The  idea  is  based  on  the  fact 
that  the  radiation  fields,  generated  by  the  beam,  are  able  to 
impart  transverse  momentum  on  the  electrons  in  perfect 
phase  correlation  with  the  wave.  For  such  an  application 
the  efficiency  needs  not  to  be  high  (just  enough  to  compen¬ 
sate  for  all  losses),  since  the  objective  is  the  bunching  of  the 
electron  beam  and  not  the  direct  generation  of  high  power 
radiation.  Such  high  power  radiation  is  expected  to  be  gen¬ 
erated  subsequently  and  at  high  efficiency,  when  the  power 
resident  in  this  bunched  beam  is  extracted  in  an  attached 
appropriate  cyclotron  resonance  device. 

The  present  paper  is  arranged  as  follows :  In  Section  2  the 
physical  model  is  defined.  The  equations  of  motion  govern¬ 
ing  the  nonlinear  dynamics  of  a  test  beam,  as  well  as  the 
two  constants  of  the  motion  are  derived  in  Section  3.  In 
Section  4  the  separation  of  the  time  scales  which  lead  to  the 
simplified  model  is  presented  along  with  a  comparison 
between  the  latter  and  the  exact  analysis.  The  requirements 
for  the  autonomous  beam  buncher  are  obtained  in  Section 
5,  by  investigating  the  properties  of  the  first  invariant.  The 
analysis  yields  the  appropriate  range  of  values  of  the  input 
parameters  (e.g.  the  frequency  mismatch  and  the  radiation 
field  amplitude),  as  well  as  the  expected  values  of  the  output 
parameters  (e.g.  the  transverse  momentum  and  the 
efficiency).  An  optimization  procedure  is  also  performed  in 
the  same  Section,  in  order  to  define  the  optimal  design 
values.  Finally  in  Section  6  the  main  results  are  summarized. 

2.  The  physical  model 

In  the  physical  model  under  consideration,  the  electron 
beam  is  treated  as  a  test  beam,  which  is  initially  unmod¬ 
ulated,  that  is,  no  high-frequency  fields  have  affected  the 


beam  prior  to  its  entry  into  the  interaction  region.  The 
beam  is  also  assumed  to  be  monoenergetic,  and  with  van¬ 
ishingly  small  initial  transverse  velocity  for  each  constituent 
electron.  This  assumption  is  valid  in  view  of  the  high  quality 
of  the  available  electron  beams.  Finally,  the  beam  is  sup¬ 
posed  to  be  infinitesimally  thin;  although  this  seems  to  be 
an  unrealistic  hypothesis,  one  should  note  that  the  evolution 
of  any  real  beam  can  conceptually  be  treated  as  an  appro¬ 
priate  average  of  the  evolution  of  the  constituent  filamen¬ 
tary  beams.  Under  these  assumptions,  the  subsequent 
evolution  of  the  beam,  can  be  described  in  terms  of  the 
motion  of  each  electron.  In  particular,  the  momentum,  p,  the 
transverse  position,  r±,  and  the  axial  position,  z,  inside  the 
interaction  region  are  obtained  by 

-y-  p  =  -  —  ( ymE  +  p  x  B),  (2.1a) 

at  ym 

jrL  =  —  {p~pzez),  (2.1b) 

at  ym 


where  -  e  and  m  are  the  electron  charge  and  the  rest  mass, 
respectively,  y  the  relativistic  factor,  defined  by  y1  =  1 
+  (p/mc)2  with  c  the  speed  of  light  in  vacuo,  and  (E,  B)  are 
the  electric  and  magnetic  fields  governing  the  electron 
motion.  In  eqs  (2.1)  the  time  t  is  used  as  an  independent 
variable.  They  can  be  immediately  modified,  to  employ  z  as 
the  independent  variable,  by  using  the  transformation  dz  = 
ipjym)  dt,  with  pz  =  p  •  ez . 

The  electric  and  magnetic  fields  governing  the  electron 
motion  consist  of  the  following  components: 

(i)  A  uniform  static  magnetic  field,  B0,  which  is  directed 
along  the  axis  of  the  filamentary  beam,  given  by  B0  =  B0  ez . 
Notice  that  the  constant  magnetic  induction,  B0,  provides 
both  for  beam  guiding  and  for  interaction  at  the  cyclotron 
resonance. 

(ii)  The  radiation  electric  field,  E,  and  magnetic  field,  B, 
which  represent  a  component  of  a  guided  mode,  with  right- 
circular  polarization  (for  angular  frequency  w  >  0)  and  with 
forward  propagation  (for  wavenumber  k  >  0),  given  by 

E  =  E±(ex  sin  <f>  —  ey  sin  <j)) 

+  (-k£±  +  coBJ{x  cos  </>  +  y  sin  <p)ez,  (2.2a) 

B  =  B±(ex  cos  4>  +  ey  sin  4>) 

+  (^~kB±  -  ^  Ej.^(-  x  sin  <p  +  y  cos  <\>)ez .  (2.2b) 

In  eqs  (2.2),  (E± ,  B±)  are  the  amplitudes  of  the  transverse 
components,  <f>  =  art  —  kz  is  the  wave  phase,  with  t  being 
the  time,  (x,  y,  z)  are  the  Cartesian  spatial  coordinates  and 
( ex ,  ey,  ez)  the  corresponding  unit  vectors.  The  quantities 
El,  £x,  a  and  k  are  assumed  to  be  constant.  These  fields 
represent  locally  a  Taylor  expansion  in  x  and  y  (the  trans¬ 
verse  displacements  of  an  electron  from  its  initial  position) 
of  any  guided  mode,  so  that  all  dominant  effects  are 
included  under  the  cyclotron  resonance.  The  fields  of  eqs 
(2.2)  refer  to  arbitrary  (hybrid)  eigenmodes  and  include  as 
special  cases  the  TE  (when  EJcBL  —  1/n)  and  TM  (when 
E±/cB1  —  n)  waves,  where  n  —  kc/w  is  the  refractive  index 
(the  inverse  of  the  normalized  phase  velocity). 
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In  order  to  analyse  the  dynamical  behaviour  of  the  elec¬ 
tron  beam,  it  is  convenient  to  express  the  equations  of 
motion  in  a  rotating  helical  coordinate  system,  which  can  be 
defined  by  the  unit  vectors  elr  e2,e3,  where 

<?i  =  ex  sin  (j>  —  ey  cos  </>,  (2.3a) 

e2  =  ex  cos  (p  +  ey  sin  </>,  (2.3b) 

e3  =  ez-  (2.3c) 

This  system  is  thus  affixed  to  the  wave,  so  that  at  any 
instant  and  at  any  point  E  •  e1  =  Ex  and  B  •  e2  =  BL,  while 
the  position  vector  r  and  the  mechanical  momentum  p  can 
be  expressed  in  the  helical  system  as  r  =  r1el  +  r2e2  +  r3  e3 
and  p  =  +  p2e2  +  p3e3  respectively.  Notice  that  the 

helical  components  ru  r2,  r3  (and  pu  p2,  p3)  are  related  to 
the  Cartesian  ones  through  the  relation, 

h  =  R  •  c,  (2.4) 

where  h  and  c  are  the  column  vectors  of  the  helical  and 
Cartesian  components  respectively  of  either  the  position  or 
momentum  vector,  and  R  is  the  rotation  matrix, 

(sin  (f>  —cos  </>  0\ 

cos  4>  sin  0  0  J.  (2.5) 

0  0  1/ 


3.  The  dynamical  equations  and  the  constants  of  the  motion 

In  analysing  the  dynamical  behaviour  of  the  beam  electrons, 
we  adopt  the  Hamiltonian  formalism  which  is  particularly 
suitable  in  such  cases.  The  fields  are  now  expressed  in  terms 
of  the  potential  functions  (A,  4>),  which  in  cylindrical  coordi¬ 
nates  (r,  0,  z),  attain  the  following  form. 

A  =  Al  cos  (4>  —  0)er  — — y  r  sin  (<f>  —  0)ez 

+  [^0  -t-  Ax  sin  (4>  -  0]je9,  (3.1) 

$  =  —E0r  sin  (0  —  0).  (3.2) 

The  first  part  of  the  last  (azimuthal)  term  in  eq.  (3.1)  is 
responsible  for  the  axial,  constant  magnetic  field.  On  the 
other  hand,  the  amplitudes  A±,  E0,  are  in  general  functions 
of  the  transverse  coordinates  r  and  0.  For  simplicity,  we 
assume  cylindrical  symmetry  in  A±  and  E0.  In  this  case, 
using  the  expressions  for  fields  in  the  previous  section,  one 
easily  obtains  the  following  equations, 


AM)  =  A±0  exp 


BL(r)  = 


a)  EM) 


k~  AM 


EM  =  E0  +  (OAM),  (3.5) 

where  Alo  can  be  an  arbitrary  constant  amplitude.  It  is 
immediately  evident  from  the  expressions  eqs  (3.3)— (3.5) 
that,  to  zero  order  in  p  =  cor/c  [i.e.  r2(k2  —  (o2/c2)l 
2  =  p2(n2  —  l)/2],  the  field  amplitudes  are  constant  while 
the  next  significant  contribution  is  proportional  to  p2. 


The  Hamiltonian  of  an  electron  in  the  electromagnetic 
field  as  given  by  eqs  (3.1)  and  (3.2)  is, 

H  =  cjm2c2  -I-  [Pr  +  eAM)  cos  ( <t>  —  0)]2 

+  [\  -  ~^~rr  sin  (#  -  9)J 
+  ^  +  ^  +  MlWsinW-e)J}‘'! 

+  eE0  r  sin  (<f)  —  0),  (3.6) 

where  Pr ,  Pe ,  Pz  are  the  canonical  momenta  conjugate  to  r, 
0,  z  respectively  and  fi  =  eBJm.  Using  now,  as  a  generating 
function  of  a  canonical  transformation  (Pr,  P„,  P2;  r,  0, 
z)  -*■  (P' ,  P'g,  P'z;  r’,  0’,  z'),  the  expression, 


F{z,P'z,t)  =  (z-j^P’z 


one  easily  obtains  the  new  Hamiltonian,  H',  which  is  now  a 
constant  of  the  motion,  since  it  does  not  contain  the  time 
explicitly, 

P' 

H'  =  —  cmcoe0  r  sin  (kz1  +  0)  —  c  — 

n 

+  |m2c2  4-  [P,  -I-  mcaM )  cos  (kz'  +  0)]2 

+  |^P2  +  re0  sin  (kz'  +  0)J 

f  Pg  m£lr  "l2)  1/2 

+  I  -^  +  — —  —  mcaM)  sm  (^z'  +  O)  r  ,  (3.8) 

where  Pz  =  Pz  is  the  conjugate  to  z’  =  z  —  a>t/k  and  the  rest 
of  the  conjugate  pairs  are  identically  equal  to  the  old  ones. 
In  eq.  (3.8)  the  normalized  amplitudes  e0  =  eEJmcoc  and 
ax(r)  =  eAM)! me  have  been  used.  The  first  term  in  the  r.h.s. 
of  eqs  (3.6)  and  (3.8)  is  the  total  energy,  mc2y,  of  a  relativistic 
electron. 

The  apparently  six-dimensional  dynamical  system  rep¬ 
resented  by  the  Hamiltonian  H',  eq.  (3.8),  [the  phase  space, 
(P'z,  z'\  Pr,  r;  Pg,  0)  is  six-dimensional]  can  be  further 
reduced  to  a  four-dimensional  one,  since  the  spatial  canon¬ 
ical  variables  z'  and  0  enter  solely  in  the  combined  form 
kz’  +  0.  By  choosing  as  a  generating  function  of  a  canonical 
transformation  (Pr,  P6,  P'z;  r,  0,  z')  ->•  (P",  P";  r",  0",  z")  the 
expression 


F(z',  0,  P"z ,  P'g)  =  {z'  +  - Jp:  +  0P"g ,  (3.9) 

one  finally  has  for  the  new  Hamiltonian  H"  (numerically 
equal  to  the  constant  of  the  motion  H'), 

H"  =  cjm2c2  -I-  [Pr  +  mcaM)  cos  i^z")]2 

+  J  P"  +  ^  re0  sin  (/cz")J 
f  P’l  Pg  mQr  l2)1/2 

+  —  +  “-! — - mcaM)  sin  ft2")  ( 


—  cmcoe 0  r  sin  (kz")  —  c  — , 
n 


Physica  Scripta  T52 


A  Slow-Wave  Autonomous  Cyclotron  Buncher  43 


where  P"  =  Pz  is  conjugate  to  z"  =  z'  +  6/k  =  z  —  (cot  —  0)/ 
/c  and  the  conjugate  pair  (Pr,  r)  remains  the  same  as  before. 
The  canonical  momentum  P'g  in  eq.  (3.10)  is  apparently  a 
second  constant  of  the  motion  since  its  conjugate  spatial 
position,  6",  does  not  explicitly  enter  in  the  Hamiltonian. 
One  can  relate  P'g  back  to  the  original  canonical  variables 
as  follows. 


follow  in  time,  but  it  is  algebraically  much  easier.  The  con¬ 
stants  of  the  motion,  eqs  (3.17)  and  (3.18)  are  used  as  a  diag¬ 
nostic  tool  in  our  numerical  integration.  The  shorter 
Hamilton’s  system  of  equations  will  prove  to  be  useful  in 
dealing  with  an  ensemble  at  initial  condition  and  in  study¬ 
ing  in  detail  the  transverse  thermalization  of  the  electron 
beam.  However,  this  will  be  a  subject  for  future  investiga- 


P'e  =  Pe~J •  (3-ID 

The  two  constants  of  the  motion  we  found  can  be 
expressed  in  terms  of  the  mechanical  momenta  in  the  rotat¬ 
ing  helical  coordinate  system  Pu  P2,  P3  and  the  respective 
spatial  variables  r1;  r2,  (f>.  Expressing  the  helical  variables  in 
normalized  form,  i.e.  ul  —  pjmc,  u2  =  p2/mc,  u3  =  p3/mc, 
pl  —  wrjc  and  p2  —  (or2/c,  one  can  easily  obtain 

co  u  3 

—2P-  =  P,u,-p,u,- - 

-t«0>;  +  PI)-(«x+5)o..  (3-12) 

where  p2  =  p\  -f  o\  =  co2r2/c2,  a  =  fl/co  and 

JL  y_^  +  Jl-l)Pl,  (3.13) 

me2  n  \  n  J 

with  the  relativistic  energy,  y,  defined  by 

y2  =  1  +  uf  +  u2  +  u3 .  (3.14) 

It  should  be  mentioned  that,  as  far  as  the  normalized  trans¬ 
verse  fields  £ (p)  =  eEJmcoc  and  b(p)  =  eBL(r)/mco  are  con¬ 
cerned,  they  are  related  to  the  normalized  amplitude  aL[p) 
through  the  expression 

nb{p)  -  s{p)  =  a±{p)(n2  -  1) 

=  (n2  -  1  )aLo  exp  [p2(n2  -  l)/2],  (3.15) 

with  aLo  =  eALJmc,  which  is  the  normalized  version  of  eq. 
(3.4).  Furthermore,  e0  is  related  to  a±  and  e  through, 

a±(p)  +  e0  =  e(p)-  (316) 

In  this  work,  we  use  as  constants  of  the  motion  the  quan¬ 
tities  It  =  H'/mc2  (i.e.  the  generalized  Hamiltonian)  and 
12  =  coP'g/mc2  (basically,  the  action  associated  with  the 
helical  motion),  which  [via  eqs  (3.15)  and  (3.16)]  are  given 

by. 


I i=y-  —  +  e0(l  -  V«2)p  1 

n 


The  equations  of  motion  in  the  helical  system  and  in  nor¬ 
malized  form  are, 


dpi  _  «i  +  (7  ~  nu3)p2 
dx  y 

dp2  _  «2  -  (r  ~  nu3 )Pi 
dx  y 

du,  a  —  ly  —  nu3)  e  -  nb 

_L - — - ^  u2  + Plu2 

dx  y  y 

—  e  +  b  —  +  O^e3), 


(3.19a) 


(3.19b) 


(13.9c) 


du2  a  —  (y  —  nu3)  e  —  nb  , 

-T  = - - - ~  “1  - - P  i«i  +  °2^  ),  (3.19d) 

dx  y  y 

=  -b  ^  +  („a  -  b)p2  +  03(e3).  (3.19e) 

dx  y 

The  relativistic  energy,  y  =  (1  +  u\  +  u\  +  «1)1/2,  also 
evolves  according  to  the  equation, 


(3.19e) 


t=~£  + 

dx  y 


w,  ne  —  b 


p2  u3  +  0(e3). 


The  terms  Ou  02,  03  and  O  are  higher  order  terms  which 
stay  idle  for  field  strengths  of  the  order  e  s  10~2.  They  are 
given  by  the  following  expressions  (with  %  =  xco/c  and 
=  yoy/c): 


°i(£3)  =  —  /(PXZ2  sin2  </>  -M I/2  cos2  0), 
ny 

02(e3)  =  ~  f{p\x2  ~  iA2)  sin  <t>  cos  <f). 


03(s3)  =  -  —  /(pXPi«2  +  P2  «i)» 
ny 


(3.21a) 


(3.21b) 


(3.21c) 


--=W. 

ny  \ 


P1P2  cos  2 </>  —  —  sin  2cf) 
^  ) 


x  (u2  cos  2(f)  —  Uj  sin  2(f)) 


1 2  =  Pi.u2  ~  Pi  «i  -  i«P 2  -  ~  —  [«±(P)  +  e0/«2]p i-  (3.18) 

The  two-degree  of  freedom  Hamiltonian  H"(r,  z",  Pr,  P"), 
eq.  (3.10),  can  be  used  as  the  basis  of  a  dynamical  system  of 
four  equations  of  motion.  However,  for  the  purpose  of  this 
paper  and  for  reasons  of  convenience  that  the  helical  system 
provides  to  the  physical  system  in  hand,  we  use  and  inte¬ 
grate  numerically  the  equations  of  motion  in  their  helical 
form.  This  may  add  additional  dynamical  variables  to 


f(p)  =  -^1  +  e(p)-nb(p).  (3.23) 

P  dp 

It  is  evident  that  in  the  case  of  guided  TE  \_e(p)/b(p)  =  n] 
waves  with  s(p),  and  b(p)  constant,  these  higher  order  terms 
vanish  identically.  However,  these  terms  represent  a  small 
correction  to  the  arbitrary  case,  hence  in  the  present 
analysis  and  numerical  integration  these  terms  will  not  be 
considered. 
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The  equations  of  motion,  obtained  in  the  Section  by  use 
of  the  Hamiltonian  formalism,  can  be  interpreted  using  the 
Lorentz  force  dp/dt  =  —  e(E  +  v  x  B),  keeping  in  mind  the 
helical  structure  of  the  coordinate  system,  which  gives  rise 
to  inertial  terms  proportional  to  d<p/dt  =  (y  —  nu3)/y.  Con¬ 
sidering  first  the  equations  for  u„  u2 ,  the  first  terms  give  the 
combined  action  of  the  magnetostatic  field  and  the  inertial 
effects,  with  the  leading  coefficients  representing  the  normal¬ 
ized  frequency  mismatch,  (Sl0/y  -w-  kvz)/(o.  The  second 
terms  give  the  contribution  from  the  Bz  component  of  the 
wave,  at  the  instantaneous  position  p3  of  the  electron.  The 
remaining  terms  in  the  equation  for  u2  arise  from  E±  +  vz 
x  Bx .  This  contribution,  being  always  in  the  direction  E± , 
affects  the  momentum  component  only.  In  the  equation 
for  u3  the  terms  are,  respectively,  the  contribution  from  v± 
x  B±  and  Ez,  the  latter  evaluated  at  the  instantaneous 
position,  p2 .  Similarly,  the  equation  for  y  demonstrates  the 
contributions  v±  •  Ex  and  v,  •  Ez ,  the  latter  evaluated  at  the 
position  p2  ■ 

The  significance  of  the  axial  components  of  the  wave 
fields  can  be  assessed  from  the  way  these  components 
appear  in  eqs  (3.19)-(3.20).  The  component  B, ,  represented 
by  the  terms  involving  pt,  affects  explicitly  only  the  trans¬ 
verse  dynamics  by  means  of  an  additional  contribution  to 
the  frequency  mismatch.  However,  taking  p1  at  the  Larmor 
orbit,  Pi  ~  u2/a,  and  using  as  typical  values  u2  ~  1,  Ex  = 
lOOkV/cm  at  100 GHz  (i.e.  £  =  10~2)  and  a  ~  y  ~  1,  this 
additional  contribution  falls  below  1%  and,  therefore,  can 
be  neglected  in  comparison  to  the  frequency  mismatch  (a 
few  times  1%). 

On  the  other  hand,  the  contribution  of  E. ,  whenever  such 
a  component  is  present,  appears  to  be  much  more  signifi¬ 
cant.  This  component,  proportional  to  p2 ,  affects  explicitly 
the  axial  momentum  and  the  relativistic  energy,  hence  it 
allows  for  energy  exchange  also  via  E. .  It  also  affects  implic¬ 
itly,  via  the  expression  y  —  nu3 ,  the  frequency  mismatch, 
which  is  the  dominant  term  of  transverse  dynamics.  Fur¬ 
thermore,  if  its  contribution  were  omitted,  e.g.  by  artificially 
setting  p2  =  0,  then  the  first  constant  of  the  motion  would 
read  /,  =  y  —  u3/n. 


4.  Separation  of  time  scales  and  the  simplified  model 


The  helical  spatial  coordinates  p,,  p2  can  be  combined  into 
a  complex  entity  (phasor)  p  =  Pi  +  jp2,  which  evolves 
according  to  the  equation, 


i ie* 
y  -  nu3 


(4.1) 


where  u  is  the  transverse  momentum  phasor  u2  +  ju2  and 
d 4>  =  {l  ~  nu3)  dr/y.  This  equation  is  merely  a  combination 
of  eqs  (3.19a)  and  (3.19b).  By  successive  partial  integration 
eq.  (4.1)  yields, 


00 

P=  ~  I  jm+l 

m  =  0 


d  mf 
d(pm' 


(4.2) 


+  nu3  is  the  normalized  version  of  the  cyclotron  resonance 
condition,  eq.  (2.6).  One  can  easily  observe  that  the  dynami¬ 
cal  equations  for  u,  eqs  (3.19c)  and  (3.19d),  exhibit  a  slow 
evolution  rate  because  of  the  presence  of  quantities  of  order 
€  in  the  r.h.s. : 

du  ye0-l >0"3  .  ,  a  -  y  +  m3  -  (s„  -  itb0)p, . 

d , - y  +■ ’ - y - "•  <4-3> 

The  magnitude  of  «,  |  u  |,  is,  therefore,  of  order  e  if,  initially 
(t  =  0)  is  so.  Equation  (4.2)  implies  that  the  leading  contri¬ 
bution  in  the  sum  is  of  order  e,  that  is, 


u  y  d  u 

.  j  H - - 

y  —  nu3  y  —  nu3  dr  y  —  nu3 


+  0(Em,  m  ^  2), 


or,  utilizing  eq.  (4.3), 
o  .  u  ye0  -  b0  u3 


+  0(em,  m  >  2). 


r  j  ,  \2  r  ^ 

v  -  nu3  (t  -  ™3) 

To  order  e2,  eq.  (4.3)  can  now  be  rewritten  as  follows 
du  ye0  —  b 0u3  a  —  y  +  nu3  „ 

Jz  -  -  y  - - - 2  “  +  0(em,  m  >  3).  (4.5) 

The  first  and  second  terms  in  the  r.h.s.  are  the  0(e)  and 
0(e2)  terms,  respectively.  The  dynamical  equation  for  u3  and 
y,  [eqs  (3.19e)  and  (3.20)]  can  now  be  reexpressed  with  p2 
taken  from  eq.  (4.4). 


y  +  0(em,  m  >  3) 


+  0(£m,  m  >  3). 


Equations  (4.4)-(4.7)  imply  that  the  transverse  helical 
coordinates  evolve  slowly  with  a  rate  which  is  proportional 
to  the  normalized  field  amplitudes  £0 ,  b0  and  the  resonance 
frequency  mismatch  a  —  y  —  nu3 .  The  axial  momentum  and 
the  relativistic  energy,  y,  on  the  other  hand,  evolve  much 
slower  with  a  rate  which  is  roughly  proportional  to  the 
square  of  the  normalized  field  amplitudes  and  frequency 
mismatches. 

The  first  constant  of  the  motion,  Ku  of  the  simplified 
model  (Ki  ~  /  J  can  be  readily  obtained  from  eqs  (4.6)  and 
(4.7)  or,  alternatively,  from  the  original  expression,  eq.  (3.17), 

=  y  -  —  +  0(em,  m  >  2).  (4.8) 


If  one  now  eliminates  the  time  from  eq.  (4.7)  and  the  ima¬ 
ginary  part  of  eq.  (4.5),  and  utilizes  eq.  (4.8)  one  can  readily 
obtain 

du2  (y  —  nu3Xy  —  a  —  nu3) 

-p  =  - - - - .  (4.9) 

dy  e0  y  —  b0  u3  ' 

This  equation  yields  the  following  second  constant  of  the 
motion  for  the  simplified  model,  K2 , 


Separation  of  time  scales  is  possible  if  the  normalized  field  fy  iy  _  nu  (y')][y  _  a  _  nu  yn 

amplitudes  £0,  b0  [equal  to  e(p  =  0),  b(p  =  0),  respectively]  ^2  =  ui  +  dy'  ^  —  -  — —  -  .  (4.10) 

as  well  as  the  quantities  a  -  y  +  nu3  are  considered  as  small  Jyo  0  7  0  3l7 ) 

quantities  (of  order  e,  e  s  10  2).  It  is  important  to  notice  The  main  issue  to  be  considered  next  is  to  check  the 
that,  indeed,  the  quantity  a  —  y  +  nu3  is  small  since  y  =  a  validity  of  the  results  obtained  by  our  simplified  analysis. 
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This  is  affected  by  solving  numerically  for  the  electron  tra¬ 
jectories,  as  they  are  obtained  from  eqs  (4.4-(4.7).  In  addi¬ 
tion,  results  are  presented,  in  which  the  electron  trajectories 
are  calculated  from  the  equations  of  motion  in  the  exact 
radiation  fields  [eqs  (3.19)— (3.20)].  In  all  cases,  the  radiation 
fields  have  been  taken  with  the  values  e  =  0.01  and 
b  =  0.0078.  For  reference  purposes  we  note  that  e.g.  at 
100  GHz  these  values  correspond  to  Ex  =  9.3  MV/m  and 
Bl  =  24  mT.  The  beam  is  assumed  to  be  quite  relativistic, 
with  y0  =  2,  corresponding  to  a  voltage  of  511 KV.  This 
choice  has  been  made  having  in  mind  a  potential  applica¬ 
tion  of  the  beam  in  a  buncher,  as  it  is  further  elaborated  in 
the  next  Section.  The  refractive  index,  n,  (the  inverse  of  the 
wave  phase  velocity)  is  selected  to  maximize  u±  (as  described 
in  detail  in  the  next  Section),  hence  its  reference  value  is 
taken  to  be  n  =  1.73.  For  the  sake  of  completeness  we 
choose  initial  values  for  the  transverse  momentum  such  that 
the  pitch  ratio,  namely  a.  =  uj\  u30 1,  takes  the  values  of 
0.0  and  0.5  (Figs  1-2  and  3-4  respectively).  The  normalized 
frequency  mismatch,  <5  =  A  =  n/?0  —  1  —  a/y0 ,  in  both  cases 
is  taken  to  be  0.0414. 

In  Figs  1  and  3  we  plot  the  exact  constants  of  the  motion 
(/j  and  I2)  against  their  respective  values  the  simplified 
model  provides  (apparently,  not  invariant  quantities 
anymore  within  that  model),  as  well  as  the  constants  of  the 
motion  of  the  simplified  analysis  (K1  and  K2)  against  their 
respective  values  according  to  the  exact  analysis.  In  this  way 
we  are  in  a  position  to  assess  the  validity  of  the  simplified 
model  with  a  high  degree  of  certainty.  In  Figs  2  and  4  the 
exact  model  is  contrasted  with  the  simplified  one  as  far  as 
the  dynamics  of  the  motion  is  concerned.  Therefore  the 
helical  components  of  both  momenta  and  radial  displace¬ 
ments,  as  well  as  the  relativistic  factor  are  contrasted. 
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Fig.  1.  Exact  constants  of  the  motion  (I,  and  /2)  against  their  respective 
values  in  the  simplified  model  and  constants  of  the  motion  of  the  simplified 
analysis  (Kj  and  K2)  against  their  respective  values  according  in  the  exact 
model,  for  a  pitch  ratio  a  =  0.0. 


Ui 


Fig.  2.  Trajectories  of  electrons  on  the  transverse  planes  (ut,  u2)  and  (pt, 
p2)  and  temporal  evolution  of  the  relativistic  factor,  y,  for  a  pitch  ratio 
a  =  0.0. 
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Fig.  3.  Exact  constants  of  the  motion  (/,  and  I2)  against  their  respective 
values  in  the  simplified  model  and  constants  of  the  motion  of  the  simplified 
analysis  (Kl  and  K2)  against  their  respective  values  according  in  the  exact 
model,  for  a  pitch  ratio  a  =  0.5. 
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Fig.  4.  Trajectories  of  electrons  on  the  transverse  planes  (u1(  u2)  and  (p„ 
p2)  and  temporal  evolution  of  the  relativistic  factor  y  for  a  pitch  ratio 
a  =  0.5. 


important  information  to  be  obtained  from  the  first  con¬ 
stant  of  the  motion  K2  is  related  to  the  direction  in  which 
the  evolution  of  the  beam  proceeds.  It  can  be  seen  that  in 
coordinates  u3  —  y,  the  invariance  of  Kl  corresponds  to  tra¬ 
jectories  represented  by  a  straight  line  with  slope  1  /n  (Fig. 
5).  Along  this  straight  line,  physically  acceptable  is  only  the 
segment  for  which  u\  ^  0,  represented  by  the  inequality 
y2  ^  1  +  u\ .  Having  in  mind  the  initial  condition  u±  =  0, 
u3  —  u3o »  then  in  order  for  the  system  to  operate  at  the 
expense  of  the  beam,  y  must  fall  below  y0  =  y(u30).  The  lim¬ 
iting  case  is  the  tangent  one  with  corresponding  minimum 
value  of  Kj  given  by  «Klmin  =  (ny0  -  u30)min  =  (n2  -  1)1/2. 
Thus,  comparing  the  slopes  of  the  straight  line  and  the 
hyperbola  y  =  (1  +  w3)1/2,  one  obtains 


-</-(!  +  ui)i/2 

n  du-> 


__  JU  _  p 

~  y  -PC" 

o  7o 


(5.1) 


Since  )S0  <  1,  a  direct  result  of  eq.  (5.1)  is  that  slow  waves, 
n  >  1,  must  be  involved,  that  is  waves  with  phase  velocity 
03 / k  <  c.  This  case  corresponds  to  the  anomalous  Doppler 
shift,  with 


kvz  —  o)  w - >0.  (5.2) 

y 

Upon  considering  the  case  of  axial  initial  velocity,  the 
initial  condition  for  u2  is  u20  =  0.  In  this  case,  the  second 
invariant,  K2 ,  has  the  value  K2  =  0  and  u2  can  directly  be 
obtained  by  means  of  the  integral  term  appearing  in  eq. 
(4.10).  To  perform  the  integration  the  integrand  has  to  be 
expressed  in  powers  of  the  denominator.  For  this  purpose 
we  introduce  an  auxiliary  variable  which  is  the  natural 
parameter  by  which,  e.g.  the  relativistic  factor  can  be 
described.  Its  relation  to  y  is  given  by 


f  = 


i  -  ng  y  -  y0 
i-&>  9  y0 


(5.3) 


where  g  is  the  ratio  of  the  field  amplitudes  given  by  g  = 
b0/e0  and  /J0  =  u30/y0  is  the  initial  electron  velocity.  Using 


It  is  evident  from  the  respective  figures  that  at  zero  initial 
pitch  ratio  (which  is  the  case  for  the  application  in  hand)  the 
agreement  is  remarkably  good  as  far  as  the  helical  momen¬ 
tum  is  concerned.  The  small  deviations  between  the  two 
models,  as  far  as  the  radial  displacement  and  the  relativistic 
factor  is  concerned,  are  rather  insignificant  (the  disagree¬ 
ment  in  y  is  less  than  1%).  The  agreement  in  momenta  and 
to  a  lesser  degree  in  y,  persists  even  for  a  high  value  of  the 
initial  pitch  ratio,  such  as  a  =  0.5.  The  radial  displacement 
the  simplified  model  predicts  is,  however  highly  overesti¬ 
mated  (Fig.  4).  For  applications  that  require  high  initial 
pitch  ratio  this  defect  does  not  pose  a  major  problem  since 
higher  radial  displacements  correspond  to  a  rather  conser¬ 
vative  prediction  for  most  of  the  applications  (they  are 
undesirable). 

5.  Operation  regime  of  the  beam  buncher 

The  first  approximate  constant  of  motion,  Ku  which  has  an 
evolution  rate  of  order  0(e3),  allows  for  u3  to  be  expressed 
in  terms  of  y  and  the  initial  values,  i.e.,  u3  =  n(y  —  y0)  4-  u30 
(the  subscript  “0”  indicates  the  initial  values).  The  most 


Fig.  5.  Variation  of  the  relativistic  energy,  y,  with  the  axial  momentum  u3, 
with  the  invariance  of  nKl.  For  vanishingly  small  initial  transverse  velocity 
u±,  trajectories  are  allowed  only  on  the  straight  line  nKl  =  const.  A 
reduction  of  y  below  its  initial  value,  corresponds  to  u30+  as  the  proper 
starting  point,  while  u±  attains  its  maximum  value  when  £  =  {Mlr. 
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this  definition  for  and  for  u20  =  0,  upon  expressing  the 
linear  combinations  y  —  nu3  and  e0  y  —  b0  u3  appearing  in 
the  equations  of  motion  in  terms  of  the  first  invariant,  eq. 
(4.10)  yields, 


«2<f)  = 


in2  -  l)2 
(£0  -  nb0)3 


a(e0  -  nb0)  -  InK^ne 0  -  b0 


x  s0£  -  nKt(ne0  -  b0) 

a(s0  -  nb0)  -  nK^nsp  -  b0) 

X  2  1 

n  —  1 


In  (1  +  m, 


where  s0  =  £0  y0  -  b0  u30 .  Note  that  initially  f  =  £0  =  0. 

Using  eq.  (4.8)  it  is  easy  to  verify  that  the  transverse 
mechanical  momentum  «±  =  (nf  +  uf)1/2  =  (y2  —  1  —  ul)112 
can  also  be  expressed  in  terms  of  the  aforementioned  aux¬ 
iliary  variable  £.  In  this  way,  one  can  readily  obtain 

«i(0  =  ,  t,2~~  s2o(2{extr  ~  (5-5) 

(e0  —  nb0) 

where  a  quantity  £extr  has  been  introduced  to  render  ux  in 
relatively  compact  form.  This  quantity  is  given  by 


= 


-  nfrpXyo  -  nu3o) 
(n2  -  l)s0 


nfio  ~  1  2£„,r 

1  ~ng  np0  —  1 


a  —  i5i  iu 


objective  is  to  have  the  largest  possible  uL  at  the  end  of  the 
interaction,  |  £  |  should  also  have  the  largest  possible  value, 
which  is  the  one  with  |  ut  |  =  ux .  On  the  other  hand,  near 
|  £  |  =  0,  |  «2 !  increases  at  a  slower  rate,  since  it  varies  lin¬ 
early  (or  quadratically).  Nevertheless,  this  quantity  even¬ 
tually  reaches  ux.  This  occurs  both  because  of  the  large 
coefficient  e_1  in  |u2|  and  because,  for  larger  values  of  |f  |, 
u±(£)  becomes  flatter  due  to  the  square-root  dependence. 
The  value  of  |£|  at  which  ux(£)  =  |  u2(c)  |,  cannot  be 
exceeded,  since  otherwise  h2  would  acquire  nonphysical 
negative  values.  Thus  the  interaction  gives  the  maximum  u± 
for  the  values  of  £  for  which  ux(£)  =  |  u2(£)  |.  This  equality 
holds  when  e  is  given  by 


Note  that  at  £  =  £extr ,  u±  attains  its  maximum  value. 

Using  the  expressions  (5.4)  and  (5.5)  one  can  immediately 
obtain  the  dependence  of  uu  from  the  relation  uj{£)  =  u2 
—  m|  .  This  relation  renders  the  equations  of  motion  inte- 
grable,  since  now  all  quantities  are  expressed  as  functions  of 
£ .  The  consequences  of  the  integrability  of  the  system  in  the 
design  of  an  autonomous  beam  buncher  will  now  be  dis¬ 
cussed.  For  the  sake  of  convenience  we  suppress  the  sub¬ 
script  “0”  in  both  e0  and  b0 . 

In  order  to  choose  the  appropriate  range  of  values  of  the 
normalized  field  amplitude  e,  such  that  at  the  output  ux  is 
maximum,  we  consider  the  case  in  which  |  £  |,  as  well  as  the 
normalized  frequency  mismatch  A  =  n/?0  —  1  +  a/y0  are 
small  quantities.  The  assumption  A  1  describes  the 
requirement  that  the  interaction  takes  place  close  to  cyclo¬ 
tron  resonance.  On  the  other  hand,  it  has  been  shown  that  f 
should  not  approach  £extr,  in  order  for  our  model  to  be 
valid.  In  addition,  we  expect  that  £  should  remain  a  small 
quantity,  since  its  development  is  directly  produced  by  the 
radiation  fields,  for  which  e,  b  1.  Therefore,  in  eq.  (5.4)  the 
Taylor  expansion  of  In  (1  +  ^)  is  employed,  and  terms  are 
kept  only  up  to  order  £2  and  <^A.  In  addition,  in  eq.  (5.5),  £,  is 
neglected  compared  to  ^extr .  The  result  is 

u±(0  =  yo(n2  -  1)1/2  <2 1  l)1/2>  <5-7) 

1  —  ng 

l»2(0|  =  irS(»2-i)|1rz^ 


/  -  IM„„I 


A  =  ^  - .  (5.10) 

V2(n2-  1)1/2|  1  -p0g\ 

It  is  apparent  from  eq.  (5.9),  as  well  as  from  Fig.  6,  where  e 
as  a  function  of  y  has  been  plotted,  that  the  slope  of  e 
depends  on  the  sign  of  A.  One  may  distinguish  two  cases. 
The  first  case  refers  to  A  ^  0.  There,  e  is  a  monotonously 
increasing  function  of  y,  which  means  that  for  every  choice 
of  the  normalized  field  amplitude  e,  one  corresponding  value 
of  y  is  obtained.  In  particular,  if  £  increases,  e.g.  from  the 
value  £j  to  e2  ,  the  value  of  y  also  increases,  from  the  corre¬ 
sponding  to  point  A  to  point  B  for  A  <  0,  or  from  point  C 
to  point  D  for  A  =  0.  In  addition,  if  £  remains  constant  and 
A  becomes  less  negative,  again  the  corresponding  values  of  y 
become  larger  (from  A  to  C  or  from  B  to  D).  On  the  other 
hand,  if  A  >  0,  then  £(y)  is  no  more  monotonous,  exhibiting 
a  local  maximum  e  =  £cr  at  the  point  y  =  ycr ,  where  dej 
dy  =  0.  The  characteristic  values  (ycr ,  £cr)  can  easily  be 


B/ _ D, 


A<0  /  A=0  /  A>0/ 


^-cr  ^ref 


where  {extr  =  -sgn  (£)  |  £extr  |,  has  been  taken  into  account. 

It  is  readily  seen  from  eq.  (5.7)  that  u±  is  an  increasing 
function  of  |  £  |  with  infinite  slope  at  |  £  |  =  0.  Since  our 


Fig.  6.  Normalized  electric  field  amplitude,  e,  as  a  function  of  the  param¬ 
eter  y  (which  is  proportional  to  the  transverse  momentum),  for  negative, 
zero  or  positive  frequency  mismatch. 


Physica  Scripta  T52 


48  D.  J.  Frantzeskakis,  K.  Hizanidis  and  J.  L.  Vomvoridis 


found  to  be 

ycr  =  [  f  A/(n/?0  -  l)]1'2,  (5.11) 

£„  =  A[§ A/(np0  -  1)]1/2.  (5.12) 

If  £  =  £i  <  £cr  the  value  of  y  corresponds  to  point  E,  but 
as  soon  as  the  value  £er  is  reached,  a  sudden  discontinuity 
occurs,  from  the  value  ycr,  given  by  eq.  (5.11),  to  the  value 
2ycr.  For  even  longer  values  of  e,  the  corresponding  value  of 
y  increases  even  further,  but  at  a  slower  rate,  since  the  curve 
e(y)  of  eq.  (5.9)  is  already  very  steep.  If  A  is  more  positive, 
the  values  of  y  are  larger,  but  at  the  same  time  the  critical 
value  £cr  is  also  larger. 

As  has  been  mentioned  in  the  introduction,  the  objective 
of  this  paper  is  to  investigate  the  potential  of  an  axial  veloc¬ 
ity  beam  to  generate  slow  waves  and  at  the  same  time  to 
become  azimuthally  bunched.  Clearly,  the  larger  its  trans¬ 
verse  momentum,  the  more  useful  such  a  bunched  beam  is 
expected  to  be.  Accordingly,  we  are  interested  to  have  at  the 
end  of  the  interaction  the  largest  possible  value  of  y,  since 
y  oc  £1/2  oc  ux.  At  the  same  time  technological  constraints 
limit  the  acceptable  values  of  e  to  about  e~10~2 
(corresponding  e.g.  to  electric  fields  of  10  MV/m  and  fre¬ 
quencies  of  about  100  GHz).  Besides,  the  very  applicability 
of  eqs  (4.4)-(4.7)  is  limited  to  values  e  <4  1.  Finally,  to  have 
the  cyclotron  resonance  dominate  the  interaction,  the  nor¬ 
malized  frequency  mismatch  A  should  also  be  of  the  order 
of  a  few  percent.  For  all  these  reasons,  the  combination  of  a 
large  value  of  y  with  a  not  too  large  value  of  e  appears  to 
require  A  >  0  and  e  =  ecr ,  in  order  to  produce  y  =  2 ycr . 
However  one  would  expect  that  at  £  =  eCI  a  singular  point 
would  appear  in  the  electron  trajectories,  in  particular  a 
saddle  (X-point).  It  is  well  known  that  near  a  saddle  the 
trajectories  are  highly  sensitive  to  small  deviations  in  the 
initial  conditions.  Thus,  including  these  considerations,  one 
should  treat  the  values  £  =  £cr  and  y  =  ycr  rather  as  indica¬ 
tors  for  the  magnitude  of  the  required  input  and  expected 
output.  Summing  up,  a  potential  design  of  a  beam  buncher 
should  use  as  reference  values  (around  which  an  opti¬ 
mization  could  be  performed)  the  following : 

(a)  A  small  positive  frequency  mismatch,  A  >  0. 

(b)  A  radiation  field  amplitude  corresponding  to  some¬ 
what  above  £rcf  =  £er . 

(c)  An  expected  output  transverse  momentum  corre¬ 
sponding  to  somewhat  above  yrcf  =  2ycr. 

Using  these  conclusions  one  can  associate  the  reference 
value  of  the  normalized  radiation  fields,  the  reference  value 
of  the  output  transverse  momentum  u±  and  the  correspond¬ 
ing  efficiency  rj  =  (y0  —  y)/(y0  —  1)  to  the  electron  beam 
input  (i.e.  y0  or  f}0)  and  radiation  field  dispersion  character¬ 
istics  n  or  n_1).  Recalling  that  A  =  n/?0  —  1  —  a/y0  is  the  fre¬ 
quency  mismatch  normalized  to  u>,  the  results  are: 

“±  =f{y0,  n)|e-  P0b\lf3,  (5.13) 

A-7db|e-M!'3'  <514> 


l)/(y0.  n) 


U-ftob\2'3. 


These  relations  indicate  a  simple  scaling  of  u±,  A  and  n 
with  the  amplitude  of  the  radiation  fields.  In  particular, 
typical  values  of  the  radiation  fields  (e.g.  | E±  +  t>u  x  fli|~ 
3  MV/m)  at  300 GHz  correspond  to  values  \e  —  f}0b\~ 
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10~3,  so  that  ux  is  expected  of  the  order  of  0.1,  while  A  and 
r j  are  expected  of  the  order  of  1%.  The  exact  values  of  these 
quantities  depend  on  the  relative  values  of  y0  and  n,  as 
expressed  primarily  by  the  function  / (y0 ,  n).  This  function  is 
defined  by 

y/  '  J*  nuzo-JoV13 

f(to »  «)  -  2^4y0  n2  _  j  J 

=  2[4y2y2J/?0-/?ph)]1'3,  (5.16) 

where  the  last  expression  is  obtained  by  using  the  phase 
velocity  /?ph  =  l/n  and  the  corresponding  relativistic  factor 
yph  =  (1  —  /lph)~1/2  =  n/(n2  —  1)1/2.  It  can  be  immediately 
seen  that  0,  for  f}0  ^  /?ph,  since  then  the  requirement  for 
the  anomalous  Doppler  shift  is  satisfied.  For  y0  ^  yph,  the 
function  /  is  monotonously  increasing  with  y0,  while  as 
function  of  n  it  has  a  maximum  when 


7o  +  1 

u30 


(5.17) 


Recalling  that  our  objective  is  to  provide  the  theoretical 
background  for  the  design  of  a  buncher  for  cyclotron  reson¬ 
ance  applications,  it  appears  that  the  choice  of  n  from  this 
relation  would  be  optimal,  since  it  maximizes  the  output, 
ux .  However,  it  turns  out  that  this  choice  is  not  particularly 
suited  to  high-frequency  applications,  since  it  requires  too 
high  magnetostatic  fields.  This  can  be  seen  from  the  defini¬ 
tion  of  A,  which  gives 


I  a  |  =  nu30  -y0-y0  A. 


(5.18) 


For  the  choice  of  eq.  (5.17),  the  dominant  term  in  this  rela¬ 
tion  gives  nu30  —  y0  =  1  for  any  value  of  y0 .  Recalling  the 
definition  a  =  eBJmco  =  fi0/a>,  this  means  that  <o  ~  |  fi  |, 
limiting  the  operation  frequency  to  values  of  the  order  of 
100  GHz.  To  be  able  to  extend  the  operation  of  the  buncher 
into  the  submillimeter  regime,  values  of  nu30  —  y0  below 
unity  have  to  be  chosen  (but  not  too  close  to  zero,  to  avoid 
the  presence  of  the  competitive  axial  TWT  interaction).  Sure 
enough  such  values  would  reduce  the  value  of  ux  obtained 
by  the  interaction,  but  this  reduction  is  expected  to  be  small, 
in  view  of  the  third-root  dependence  in  eq.  (5.16). 

In  order  to  quantify  these  arguments  and  at  the  same 
time  present  the  results  of  eqs  (5.13)— 5.15)  graphically  in  a 
way  which  is  both  compact  and  easy  to  use,  we  introduce 
the  normalized  magnetostatic  field  at  exact  cyclotron  reson¬ 
ance  (i.e.  when  A  =  0).  In  view  of  eq.  (5.18),  this  quantity  is 
defined  by 


ao  =  w«3o  ~  To 


(5.19) 


and  can  serve  to  give  the  refractive  index  n  [or  the  wave 
phase  velocity  n  ~ 1  =  u30/(a0  +  y0)]  needed  for  a  given 
beam.  This  quantity  is  important  in  two  aspects:  First,  apart 
from  the  small  term  y0A  in  eq.  (5.18),  |a|  =  a0,  so  that  1 
(~m/|fi0|)  gives  by  what  factor  the  nonrelativistic  gyrofre- 
quency  is  multiplied.  Second,  in  eq.  (5.19)  n  is  a  linear  func¬ 
tion  of  a0 ,  which  for  aQ  =  0  gives  the  value  n  =  y0/u30  (for 
which  the  axial  resonance  is  present  and  ux  =  0),  while 
a0  =  1  corresponds  to  the  value  of  eq.  (5.17)  (which  maxi¬ 
mizes  m±).  Values  a0>  1  are  in  principle  acceptable,  but  of 
no  interest,  since  they  correspond  to  both  ux  <  uXinax  and 
<o/in0|>i. 

Using  the  parameter  a0  instead  of  the  refractive  index,  in 
Fig.  7  we  present  the  dependence  on  a0  of  the  transverse 
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a0 

Fig.  7.  Normalized  transverse  momentum  u±  generated  by  the  interaction, 
for  various  values  of  the  beam  energy,  y0,  as  function  of  the  normalized 
magnetostatic  field  at  resonance,  for  appropriate  choice  of  the  normalized 
frequency  mismatch.  A,  with  the  normalized  radiation  field  amplitude  at 
the  value  \e  —  ft0b  \  =  10' 3. 

momentum  u±  produced  by  the  interaction,  for  various 
values  of  the  relativistic  factor  y0  (or,  of  the  beam  voltage 
Vb  =  (y0  —  1)  x  511 KV).  For  concreteness  we  have  chosen 
|  £  —  /?0  b  |  =  10— 3  as  a  typical  value  for  the  normalized  radi¬ 
ation  field  amplitude,  while  for  other  values  the  simple 
(third-root)  scaling  of  eq.  (5.19)  can  be  directly  applied.  In 
Fig.  7  it  is  noted  that  a  higher-voltage  beam  produces  more 
transverse  momentum.  The  most  important  feature  is 
however  the  relative  insensitivity  of  ux  with  a0.  Sure 
enough,  the  maximum  of  u±  appears  when  a0  ~  1  [i.e.  when 
eq.  (5.17)  is  satisfied],  but  even  as  far  away  as  at  a0  =  0.1  (i.e. 
for  co  ~  10Qo)  the  relative  reduction  of  u±  is  only  20%  of  the 
maximum.  This  indicates  the  suitability  of  the  buncher  for 
high-frequency  operation. 

As  has  been  discussed  earlier,  this  interaction  requires 
slow  waves  for  autonomous  operation.  The  necessary 
dimensionless  phase  velocity  can  be  obtained  directly  from 
eq.  (5.19),  viz.  n_1  =  u30/(a0  +  y0).  This  relation  is  presented 
in  Fig.  8  for  various  values  of  y0.  For  a0  =  0,  the  curves  give 
the  phase  velocity  for  the  axial  (TWT-type)  interaction, 
which  is  an  obvious  competitor.  However,  the  curves  are  the 
steepest  for  small  values  of  a0 ,  indicating  that,  perhaps  even 
at  a0  =  0.1,  this  resonance  can  be  avoided.  Furthermore,  for 
higher  voltage  beams,  high  phase  velocities,  approaching  the 
speed  of  light,  are  needed.  Such  waves  are  easier  to  produce, 
since  they  require  a  milder  retarding  structure. 

As  the  final  step  in  the  assessment  of  the  beam  buncher, 
we  discuss  the  requirements  for  the  magnetostatic  field  (or  a) 
and  the  expected  electronic  efficiency,  rj.  The  latter  is  already 
given  by  eq.  (5.15),  while  the  former  requires  some  detuning 
from  exact  cyclotron  resonance.  The  detuning  is  obtained 
from  the  definition  of  the  frequency  mismatch,  which  gives 
|u|  —  ao  =  7o  A>  with  A  given  by  eq.  (5.14).  The  curves  of 
y0  A  and  r\  are  presented  in  Fig.  9  for  |e  —  /?0  b\  =  10” 3  (the 
typical  value)  and  for  y0  =  2.  This  choice  of  y0  is  dictated  by 
the  fact  that  both  y0A  and  rj  have  at  a„  =  1  a  relative 
maximum  at  y0  =  2.  Hence  this  value  of  y0  gives  the  typical 
dependence  of  these  quantities.  Again,  for  other  values  of 


a0 

Fig.  8.  Normalized  phase  velocity  1/n  needed  for  the  interaction,  for 
various  values  of  the  beam  energy,  y0 ,  as  function  of  the  magnetostatic  field 
at  resonance. 

|e  —  j80  f>|  the  simple  scaling  law  of  eqs  (5.14)  and  (5.15)  can 
be  immediately  applied. 

6.  Discussion 

In  this  paper  we  have  investigated  the  potential  of  an  axial 
velocity  electron  beam,  to  generate  slow  waves  and  to 
become  azimuthally  bunched.  According  to  the  model  dis¬ 
cussed  in  Section  2,  the  electron  beam  is  considered  to  be 
initially  unmodulated,  monoenergetic,  with  no  initial  trans¬ 
verse  velocity  of  each  constituent  electron,  infinitesimally 
thin  and  at  low  current,  to  be  treated  as  test  beam.  The 
electrons  are  acted  upon  by  a  guided  mode,  under  condi¬ 
tions  of  cyclotron  resonance.  The  dynamical  behaviour  of 
the  electron  beam  is  described  by  means  of  the  equations  of 
motion,  which  have  been  found  (Section  3)  to  be  integrable, 
since  they  exhibit  two  integrals  of  motion  [see  eqs  (3.1)  and 
(3.4)].  In  Section  4  the  first  invariant  gives  the  conditions  for 
the  beam  voltage  to  decrease  below  its  initial  value.  For  ini- 


a0 

Fig.  9.  Required  normalized  detuning  of  the  magnetostatic  field,  y0  A,  and 
expected  electronic  efficiency,  i\,  as  function  of  the  normalized  magneto¬ 
static  field  at  resonance,  for  y0  =  2  and  |  e  —  fl0  b |  =  10“3. 
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tially  vanishing  transverse  electron  momentum  («io  =  0), 
this  occurs  when  the  participating  waves  have  phase  velo¬ 
cities  less  than  the  speed  of  light  in  vacuum  (refractive  index 
n  =  kc/co  >  1).  The  necessary  conditions  correspond  to  the 
anomalous  Doppler  shift.  The  appropriately  normalized 
expression  for  the  frequency  mismatch  A  and  the  radiation 
field  amplitudes  e  and  b  have  been  obtained.  It  was  found 
(Section  5)  that  generation  of  substantial  transverse  momen¬ 
tum  is  possible,  especially  if  A  >  0,  and  after  performing  an 
appropriate  optimization  to  maximize  u±,  expressions  for 
the  expected  output  transverse  momentum,  as  well  as  for 
the  associated  efficiency  and  the  required  normalized  fre¬ 
quency  mismatch,  have  been  obtained  given  by  eqs  (5.13)— 
(5.15).  A  significant  parameter,  a0,  was  introduced  to 
present  the  normalized  magnetostatic  field  at  cyclotron  res¬ 
onance.  It  was  shown  that  even  when  a0  1,  which  leads  to 
substantial  frequency  upshift,  the  interaction  still  generates 
significant  amounts  of  transverse  momentum.  In  addition  it 
was  found  that,  especially  when  a  highly  relativistic  beam  is 
used,  a  wave  phase  velocity  just  below  the  speed  of  light  is 
needed,  facilitating  the  construction  of  the  necessary  retar¬ 
ding  structure. 

In  conclusion,  in  this  paper  we  have  demonstrated  that,  in 
spite  of  the  drawback  represented  by  the  requirement  for 
slow  waves,  the  Autonomous  Beam  Buncher  appears  to  be 
an  interesting  device  which  can  be  easily  analyzed  on  the 
basis  of  a  simplified  model  developed  and  assess  in  this 
work.  This  device, 

-  takes  advantage  of  the  high  quality  of  electron  beams 
with  no  initial  transverse  electron  velocity, 

-  is  able  to  generate  its  own  radiation  fields, 

-  requires  only  moderate  rf  electric  fields  to  produce  a 
perfect  azimuthal  bunch. 
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Abstract 

The  physical  processes  that  determine  limiting  parameters  of  a  fast  Lang¬ 
muir  wave  (FLW)  excited  by  beatings  of  two  electromagnetic  waves  in 
plasma  are  discussed.  The  typical  situation  under  the  conditions  of  the 
microwave  experiment,  when  the  striction  nonlinearity  is  predominant,  is 
considered.  The  plasma  transition  into  the  strong  turbulence  state  due  to 
the  FLW  excitation  is  demonstrated.  The  dependence  of  both  FLW  and 
strong  Langmuir  turbulence  parameters  on  a  pumping  amplitude  is 
obtained.  The  estimations  of  microwave  experiment  are  produced.  The  first 
experimental  results  of  the  FLW  excitation  by  two  microwaves  are  pre¬ 
sented. 

1.  Introduction 

The  goal  of  the  present  paper  is  to  investigate  physical  pro¬ 
cesses  that  determine  limiting  parameters  of  laser  beat-wave 
accelerators,  and  primarily,  maximal  achievable  parameters 
of  a  fast  Langmuir  wave  (FLW).  This  is  proposed  to  achieve 
by  studying  excitation  of  an  FLW  in  homogeneous  colli¬ 
sionless  plasma  by  beatings  of  two  microwaves,  frequencies 
of  which  co1  and  co2  exceed  by  many  times  plasma  electron 
frequency  a>p,  and  (oq  —  co2)  is  close  to  a>p:  (a^  —  co2)  =  cop. 

The  use  of  microwave  radiation  gives  the  possibility  to 
perform  experiments  with  comparatively  large  spatial 
(l  ^  1cm)  and  temporal  (T  ^  10-6s)  scales  at  rather  small¬ 
sized  set-ups  and  to  apply  sufficiently  simple  and  reliable 
diagnostic  tools. 

The  theoretical  investigations  that  have  been  performed 
show  that  a  limiting  amplitude  of  the  FLW  is  determined  by 
its  modulation  instability,  which  leads  to  plasma  transition 
into  the  strongly  turbulent  state.  A  distinctice  feature  of  the 
strong  Langmuir  turbulence  (SLT)  excited  that  way  is  the 
presence  of  a  wide  inertial  interval  in  its  spatial  spectrum, 
since  the  phase  velocity  of  the  initially  excited  FLW  is  close 
to  the  light  velocity  c.  Besides,  the  fact  that  the  plasma  is 
practically  completely  transparent  for  microwaves  (its  elec¬ 
tron  density  is  low  as  compared  to  the  critical  density) 
makes  the  reverse  influence  of  the  processes  initiated  in 
plasma  on  the  pumping  essentially  weaker.  Thus,  there  is 
the  possibility  to  excite  an  SLT  with  “controlled”  param¬ 
eters  and  investigate  within  one  experiment  both  the  pro¬ 
cesses  of  FLW  and  SLT  excitation  in  a  rather  wide  range  of 
parameters. 

2.  Theoretical  model 

2.1.  Problem  formulation 

The  scheme  of  a  beat-wave  accelerator  is  quasi¬ 
unidimensional  “by  birth”.  That  gives  the  opportunity  to 


evaluate  parameters  of  microwave  experiment  based  on 
the  results  of  studying  the  unidimensional  theoretical 
problem.  Of  great  importance  in  the  problem  interesting  for 
us  is  the  question  about  the  mechanism  of  plasma  nonlin¬ 
earity.  The  use  of  very  strong  sources  of  electromagnetic 
radiation  for  FLW  excitation  leads,  within  the  frames  of  the 
unidimensional  model,  to  predominance  of  the  relativistic 
nonlinearity,  whereas  in  the  case  of  “moderate”  pumping 
amplitudes  the  nonlinear  plasma  properties  are  determined 
by  striction.  The  evaluation  basing  on  the  results  presented 
in  this  paper  shows  that  this  very  situation  is  characteristic 
for  the  microwave  generators  used  in  our  first  experiments 
(see  Section  4). 

Finally,  another  feature  for  developing  the  theoretical 
model  is  plasma’s  being  collisionless.  Thus,  in  the  present 
paper  we  have  the  possibility  to  limit  ourselves  to  the 
analysis  of  the  unidimensional  model  for  collisionless 
plasma,  nonlinear  properties  of  which  are  determined  by 
striction. 

2.2.  Description  of  pumping.  Role  of  spatial  plasma  dispersion 
The  source  of  excitation  of  an  FLW, 

E  =  x°[£(x,  t)  exp  (ico0 1  —  iic0x)  +  c.c.], 

within  the  scheme  of  a  beat-wave  accelerator  is  nonlinear 
current  at  frequency  a>0  =  o1  —  a>2  excited  in  plasma  with 
electromagnetic  waves 

£li2  =  y°[E  1>2  •  exp  (icoj  2 1  —  i k12  x)  +  c.c.]. 

In  the  case  of  cou  a>2  >  a>p,  when  the  dielectric  plasma  per¬ 
mittivity  for  electromagnetic  waves  elj2  =  1  —  a>p/co^2  is 
close  to  unity,  the  expression  for  the  density  of  the  nonlinear 
current  has  the  following  form  [1]: 

j  =  x°iea)o  E\E*  exp  (ia>0 1  —  i/c0  x)/nm((oL  +  co2)2c. 

The  wave  number  k0  =  jq  —  k2  s  co0/c  is  so  small,  com¬ 
pared  to  the  characteristic  parameter  of  spatial  dispersion 
rf1,  K0rd  ^  vT/c  <1  <§  1,  that  traditionally,  when  describing 
excitation  of  an  FLW  with  beatings  of  two  electromagnetic 
waves,  spatial  distribution  is  not  taken  into  account  (see, 
e  g-,  [2]).  However,  from  the  standpoint  of  searching  for 
maximum  achievable  parameters  of  an  FLW,  the  account  of 
spatial  distribution  is  of  principle  importance,  since  the  rela¬ 
tion  between  dispersion  and  nonlinearity  determines  the 
characteristics  of  FLW’s  modulation  instability:  maximum 
increment  of  instability  and  optimal  -  growing  with  highest 
rate  -  spatial  scale  of  Langmuir  waves  Aopl.  Since  the 
optimal  scale  of  instability  becomes  lower  as  the  pumping 
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grows,  in  the  case  of  not  very  low  amplitudes  of  electromag¬ 
netic  waves  the  following  inequality  is  fulfilled : 

^opt  ^  >  (1) 

where  X0  =  2tz/k0  is  the  length  of  the  FLW. 

Due  to  that,  a  good  approximation  for  development  of 
the  theoretical  model  is  the  approximation  of  the  homoge¬ 
neous  FLW  field  ( k0  ->  0).  The  corresponding  condition  for 
the  amplitude  of  the  pumping  is  given  in  Section  3.2  of  the 
present  paper.  Above,  we  have  used  the  following  denota¬ 
tions:  t;T  and  rd  are  thermal  velocity  and  Debye  radius  of 
the  plasma  electrons,  respectively,  and  e  and  m  are  their 

charge  and  mass. 

2.3.  System  of  equations  for  dimensionless  values 

The  mathematical  model  corresponding  to  the  physical 
concept  presented  above  includes  the  equations  for  the 
“slow”  amplitude  of  the  Langmuir  waves’  electric  field  in 
plasma  E(x,  t)(  |  E/E  |  <?  u>0)  and  for  striction  perturbations 
of  plasma  particle  density  Sn(x,  t)  =  N(x,  t)  —  N0  ( N0  = 
const,  is  non-perturbed  plasma  density).  Besides,  for  the 
benefit  of  SLT  study  it  is  sensible  to  include  into  consider¬ 
ation  the  equation  for  the  unidimensional  (within  our 
approximation)  function  of  plasma  electron  distribution  f(v, 
t)  aiming  both  for  the  theoretical  analysis  of  possible  influ¬ 
ence  of  interaction  of  Langmuir  waves  with  resonance  elec¬ 
trons  on  the  efficiency  of  pumping  interaction  with  plasma, 
and  for  revealing  the  possibility  of  SLT  diagnostic  by  means 
of  measuring  the  electron  distribution  function1. 

As  a  result,  we  obtain  the  following  set  of  equations  for 
dimensionless  values : 


.  de 

d2e 

1dx~ 

-  ee  +  ne 

=  ~d  -  ye, 
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A  numerical  investigation  of  eqs  (2)-(4)  was  performed  in  an 
interval  of  dimensionless  length,  L,  that  many  times 


It  is  readily  seen  that,  under  the  conditions  considered  here,  variation  of 
the  plasma  ion  distribution  function  can  be  neglected. 
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exceeded  all  the  characteristic  spatial  scales  of  the  physical 
problem  under  consideration.  The  unbounded  medium  was 
modeled  by  means  of  selecting  periodic  boundary  condi¬ 
tions  at  the  ends  of  the  L  interval.  In  this  method  of  numeri¬ 
cal  investigation  the  parameters  y  and  f,  that  describe 
collisionless  dissipation  of  the  energy  of  Langmuir  and  ion- 
acoustic  waves,  are  given  by  the  following  relations: 

7  (  7  ’  e(£,  t)  exp  (-  itc^o  £)  =  7k  '  C*(T)>  (6) 

L  J-LI 2 

=  -1® 

U’ 


—  exp(-iK*o  0  d?  = 


(7) 


Here,  eK(x)  and  nK{x)  are  spatial  Fourier  harmonics  of 
Langmuir  and  ion-acoustic  waves, 


1  fLI2 

{eK(v),  nK(r)}  =  -  {e(£,  t),  n(f,  t)}  exp  (-uc^o  Q 

L  J-LI 2 


Xo  =  2n/L  is  a  dimensionless  minimal  “step”  of  the  numeri¬ 
cal  calculation  in  the  space  of  wave  numbers  (x-space),  M 
and  are  mass  and  temperature  of  plasma  ions.  Note  that 
an  FLW  within  the  constructed  model  corresponds  to  the 
zeroth  spatial  harmonic  of  Langmuir  waves,  e0(v). 


3.  Theoretical  results 

3.1.  Results  of  numerical  calculations  and  their 
interpretation2 

The  main  physical  feature  of  the  model  under  consideration 
is  revealed  when  the  time  dependence  of  the  complete 
energy  density  of  Langmuir  waves,  W,  is  investigated.  A 
typical  form  of  such  a  dependence  is  given  in  Fig.  1  for  the 
case,  when  there  is  no  dissipation  of  energy  (y  =  f  =  0, 
curve  (a)),  and  when  there  is  damping  of  Langmuir  and  ion- 
acoustic  waves  (curve  (b)).  Figure  1  shows  also  the  time 
dependence  of  the  squared  amplitude  of  the  FLW  (curves  (c) 
and  (d))  for  the  two  cases  mentioned  above.  An  amazing 
feature  of  the  analyzed  physical  system  is  its  coming  into  the 
quasi-stationary  state  even  when  there  is  no  damping  in  the 
system  (curve  (a)).  This  feature  is  manifested  under  all  the 
circumstances.  Specifically,  the  system  also  comes  into  the 
quasi-stationary  state  when  the  energy  of  Langmuir  waves  is 
noticeably  dissipated  (curve  (b)). 

The  reason  for  such  behavior  of  the  plasma  becomes  clear 
when  we  analyze  the  time  dependencies  of  real  amplitude  a0 
(curves  (c)  and  (d)  in  Fig.  1)  and  phase  (p0  (Fig.  2)  of  the 
FLW,  e0(r)  =  a0(r)  e  ~ ll?>o(t).  The  results  given  in  Fig.  1  permit 
us  to  divide  the  process  running  in  the  plasma  into  three 
consequent  stages. 


2  We  limit  the  scope  of  the  present  paper  to  investigation  of  the  case  of 
precise  resonance,  when  the  beating  frequency  w0  is  equal  to  plasma  elec¬ 
tron  frequency  top.  The  corresponding  case  for  this  situation  is  e  =  0  in 
eq.  (2).  One  can  state  that  the  case  with  e  ^  0  can  be  fully  analyzed  qual¬ 
itatively  basing  on  the  results  for  the  case  of  precise  resonance  that  are 
given  further. 
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Fig.  1.  The  total  energy  density  of  Langmuir  waves  (a,  b)  and  energy  den¬ 
sity  of  FLW  (c,  d)  vs.  time.  The  pumping  is  d  =  1.27 ;  the  absorption  of 
ion-acoustic  waves  is  insignificant  (Tc/7i  =  oo);  the  absorption  of  Langmuir 
waves  is  negligible  for  curves  (a,  c)  (M/m  =  oo)  and  is  significant  for  curves 
(b,  d)  (M/m  =  104).  The  parameter  M/m  determines  the  vm  value  for  set 
pumping  value  (see  eqs  (11)  and  (10)). 

At  the  first  stage,  0  ^  x  <  xu  an  FLW  is  resonantly 
excited  in  plasma:  density  of  the  energy  of  Langmuir  waves 
W  —  a%  is  density  of  the  energy  of  the  FLW.  As  the  result, 
the  amplitude  of  the  FLW  becomes  sufficiently  high  for  the 
modulation  instability  to  come  into  play.  Development  of 
the  instability  takes  place  at  the  second  stage,  when  tj 
x  <  x2  ,  by  this  the  amplitude  of  the  FLW,  a0 ,  reaches  its 
maximum  and  then  sharply  decreases.  At  the  third,  “quasi¬ 
stationary”  stage  (when  x  ^  x2)  the  value  of  a0  undergoes 
chaotic  oscillations,  and  the  density  of  the  FLW  energy  is 
an  insignificant  part  of  the  total  energy  density  of  Langmuir 
waves  W. 

The  dependence  (p0(x)  shown  in  Fig.  2  explains  both  the 
system’s  coming  into  the  quasi-stationary  state  (including 
the  absence  of  dissipation),  and  the  reason  for  disastrously 
fast  destruction  of  the  FLW  at  the  second  stage  of  the 
process.  It  is  seen  that  one  of  the  consequences  of  develop¬ 
ment  of  the  modulation  instability  is  the  nonlinear  shift  of 
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Fig.  3.  The  total  energy  density  of  Langmuir  waves  vs.  time  under  different 
absorption  of  ion-acoustic  waves;  d  =  1.27;  TJT,  —  oo  (a,  b)  and  TJ 7]  =  3 
(c);  M/m  =  oo  (a)  and  M/m  =  104  (b,  c). 

the  FLW  phase,  (p0 3,  from  the  “linear”  value,  <p0  =  n/2,  set 
at  the  first  stage  of  the  process.  The  value  <p0  =  nil  corre¬ 
sponds,  within  the  model  of  eqs  (2-7),  to  the  maximally  effi¬ 
cient  of  transfer  of  the  pumping  energy  to  the  fast  Langmuir 
wave. 

The  shift  of  phase,  cp0,  is  caused  by  interaction  of  the 
FLW  with  other  Langmuir  harmonics  growing  as  the  FLW 
instability  increases.  As  a  result,  the  phase  synchronism 
between  the  FLW  and  the  pumping  is  broken.  The  value  of 
(p0  undergoes  strong  oscillations  changing  from  0  to  2n.  If 
there  is  no  dissipation  in  the  system,  the  average  over 
several  oscillations  value  is  (p0  =  n.  That  means  that  in  spite 
of  continuous  energy  exchange  between  the  FLW  and  the 
pumping,  at  the  third  stage  the  pumping  is,  upon  the 
average,  “disconnected”  from  the  Langmuir  waves.  In  the 
presence  of  dissipation  (this  very  case  corresponds  to  depen¬ 
dence  <p 0(t)  in  Fig.  2)  value  cp0  differs  from  n  such  that  the 
energy  entering  the  system  would  compensate  the  damping- 
caused  losses. 

Those  facts  are  verified  by  the  dependence  W(x)  shown  in 
Fig.  3  for  two  different  ratios  of  the  temperatures  of  elec¬ 
trons  and  ions  of  the  plasma.  Curve  (c)  corresponds  to 
TJT-t  =  3,  and  curve  (a)  is  given  for  the  sake  of  comparison 
and  calculated  for  strongly  non-isothermal  plasma  with 
VTe  -*■  oo.  In  the  first  case  the  ion-acoustic  waves  excited 
during  development  of  the  modulation  instability  are 
strongly  damping,  therefore  the  nonlinear  shift  of  phase,  <p0 , 
that  leads  to  disconnection  of  the  pumping  takes  place  at  a 
noticeably  higher  density  of  the  energy  of  Langmuir  waves4. 

Figure  4  shows  instant  spatial  spectra  of  Langmuir  waves 
at  the  time  moments  corresponding  to  the  first  [Fig.  4(a)], 


3  The  phase  <p0  is  counted  from  the  initial  phase  of  the  beat  wave. 

4  Equation  (2)  yields  that  d<p0/dt  ~  (n  •  e)0 ,  where 

1  rLI2 

(ne)o  =  T  ne  d<?- 
L  J-LI 2 
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Fig- 4.  Evolution  of  spatial  spectrum  of  Langmuir  waves;  4=1.27, 
M/m  =  104,  TJTt  =  oo ;  (a)  —  r  =  3.15,  (b)  -r  =  3.975,  (c)  -t  =  4.425,  (d) 
— t  =  5.1.  Dash-and-dotted  line  is  for  the  dependence  of  the  linear  Landau 
damping  coefficient  yk  on  the  spatial  harmonic  number  k. 

second  [Fig.  4(b)]  and  third  [Figs  4(c)  and  4(d)]  stages  of 
the  process.  It  is  seen  that  after  the  FLW  has  grown  reson¬ 
antly  at  the  first  stage,  at  the  second,  shortest  stage  the  spec¬ 
trum  promptly  becomes  richer,  reaches  its  maximum  width 
[Fig.  4(b)]  and  goes  into  the  region  of  strong  Landau 
damping  of  Langmuir  waves.  It  is  at  the  second  stage,  when 
the  time  dependence  of  veff , 

vcff  =  S  al  /l  al . 

that  characterizes  efficiency  of  energy  transfer  from  Lang¬ 
muir  waves  to  plasma  electrons  (Fig.  5)  has  a  sharp 
maximum.  Further  evolution  of  the  spectrum  [Figs  4(c)  and 
4(d)]  goes  in  the  region  of  wave  numbers,  where  dissipation 
is  almost  absent.  By  this,  veff  vm  (see  Fig.  5,  r  >  t2).  That 
corresponds  to  weak  interaction  of  the  FLW  with  the 
pumping  at  the  third  stage  of  the  process.  In  other  words, 
the  strong  Langmuir  turbulence  excited  in  plasma  in  such  a 
way  proves  to  be  practically  disconnected  from  the 
pumping,  and  the  plasma  is  in  the  quasi-stationary  strongly 
turbulent  state.  As  the  result,  the  time-averaged  spatial  spec¬ 


Fig.  5.  Efficient  Langmuir  wave  absorption  coefficient  vs.  time;  d  =  1.27, 
M/m  =  104,  TJFX  =  oo. 


trum  of  the  Langmuir  turbulence  (see  Fig.  6)  in  this  state 
has  three  clearly  separate  regions:  in  the  “pumping  region” 
k  <  Kopt  the  amplitude  of  spectral  harmonics  is  weakly 
dependent  on  k;  in  the  “damping  region”  k^-  k*  5  the  spec¬ 
trum  is  sharply  truncated.  A  significant  feature  of  the  way  to 
excite  a  strong  plasma  turbulence  that  we  consider  here  is 
the  presence  of  a  sufficiently  wide  inertial  interval  Kopt  < 
k  <  teg .  That  gives  the  possibility  to  vary  the  parameters  of 
the  turbulence  studies  in  a  wide  range  by  means  of  changing 
the  pumping  amplitude. 


Fig.  6.  Time-averaged  spatial  spectrum  of  the  Langmuir  turbulence; 
d  =  1.27,  M/m  =  104,  TJT-t  =  oo. 


5  In  various  variables  k *  corresponds  to  wave  number  Kra  =  0.25. 
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3.2.  Analytical  results  and  estimations 
The  pattern  of  excitation  of  an  FLW  and  evolution  of  an 
SLT  in  plasma  that  has  been  presented  is  based  on  numeri¬ 
cal  investigation  of  eqs  (2-7),  as  well  as  on  the  analytical 
results  obtained  by  us.  The  analytical  analysis  is  grounded 
upon  the  fact  that  the  process  development  goes  in  three 
stages,  which  was  revealed  during  numerical  calculations. 
Besides,  the  following  physical  suppositions  also  correlated 
with  the  results  of  the  numerical  investigation  were  made : 

1.  The  “regular”  life-time  of  the  FLW  is  limited  by  the 
moment  r  =  zm ,  when  the  amplitude  of  the  “most  unstable” 
Langmuir  harmonic  (with  wave  number  k  =  Kopt)  is  com¬ 
pared  with  the  FLW  amplitude. 

2.  The  saw-shaped  “release”  of  the  energy  of  Langmuir 
waves  into  the  electron  component  of  the  plasma  at  the 
second  stage  (see  the  dependence  veff(T)  in  Fig.  5)  is  forerun 
by  formation  of  a  quasi-periodic  nonlinear  “caviton”  struc¬ 
ture  in  plasma,  which  has  period  /  =  2opt  being  the  optimum 
scale  of  the  modulation  instability6. 

3.  Parameters  of  a  single  caviton  in  the  structure 
(amplitude,  characteristic  width,  nonlinear  frequency  shift) 
are  interrelated  in  the  same  way,  as  in  the  case  of  a  “free” 
Langmuir  soliton  [3]. 

These  suppositions  permit  us  to  obtain  approximate  ana¬ 
lytical  expressions  for  the  “life-time”  of  an  FLW,  xm,  its 
limiting  amplitude,  am,  optimal  scale  of  the  modulation 
instability,  Aopt  =  2n/Kopt ,  maximal  value  of  decrement  of 
Langmuir  waves’  energy  dissipation,  vm ,  value  of  dissipated 
energy,  Wd ,  and  average  density  of_the  energy  of  Langmuir 
waves  in  the  quasi-stationary  state,  W. 

We  will  omit  intermediate  expressions,  since  the  scope  of 
the  paper  is  limited,  and  give  further  dependencies  of  the 
mentioned  values  on  parameters  of  the  pumping  and  non- 
perturbed  characteristics  of  plasma: 


rm  S  (A/d)1'2,  (8) 

am  s  (Ad)1'2,  (9) 

2opt  £  2n/(Ad)113,  (10) 

vm  ~  20yK.  q2  exp  (— q),  (11) 

Wd^V—  a2m,W  k  a2m(\  -  '-A.  (12) 

7k *  \  7k'J 

Here, 

A  =  In  (y/l  d/a3) 


characterizes  the  excess  of  pumping,  d,  over  the  level  of 
thermal  noises,  a2,  q  is  set  by  the  ratio  of  wave  numbers, 
X0  Kopt  and  Xo  K*>  that  determine  the  boundaries  of  the  iner¬ 
tial  interval  in  the  SLT  spectrum, 


yK .  is  Landau  damping  decrement  at  tc  =  k*  in  the 
“damping  region”  in  K-space.  Relations  (8-10)  give  the 
possibility  to  write  explicitly  the  condition  of  applicability  of 


6  Collisionless  damping  of  the  “field”  component  of  cavitons  leads  to 
destruction  of  the  regular  plasma-field  structure  by  the  end  of  the  second 
stage  of  the  process. 


the  model  under  consideration,  which  was  discussed  in 
Section  2. 

Comparison  of  eq.  (8)  with  the  life-time  of  the  FLW  found 
in  [4]  for  the  case  of  predominance  of  relativistic  nonlin¬ 
earity  leads  to  upper  limitation  for  the  pumping  power:  the 
“striction”  model  can  be  used  for  jP  <  Pb , 


Ph(W)  s  106 


^1,2 


(13) 


Here,  P  =  ,/Pj  •  P2 ,  where  P2  and  P2  are  powers  (in 
Watts)  of  the  used  generators  of  electromagnetic  radiation 
at  the  frequencies  col  and  co2,  S±  is  the  area  of  the  trans¬ 
verse  cross-section  of  the  electromagnetic  beam  in  the 
plasma,  and  Te  is  the  temperature  of  plasma  electrons  in 
electron- Volts.  When  we  were  obtaining  eq.  (13)  it  was 
assumed  that  A  =  15.  For  the  generators  of  the  3-cm  wave¬ 
length  band  that  were  used  by  us  (see  Section  4),  the  electro¬ 
magnetic  beam  with  its  transverse  cross-section  Sx  = 
200  cm2  and  argon  plasma  with  the  temperature  Te  s  10  eV 
we  have,  from  eq.  (13), 


Pb  £  3.5  •  107  (W). 


Note  that  for  the  experiments  using  radiation  of  COz 
lasers  (see,  e.g.  [5])  eq.  (13)  yields,  for  hydrogen  plasma  with 
Te  s  30  eV,  the  value  of  “boundary”  density  of  radiation 
flow  qb: 

qb  =  PJS±  £  1014  (W/cm2). 


We  find  the  lower  limitation  for  the  pumping  power  from 
eqs  (1)  and  (10): 

P(W)  >  ( »3.5  •  101 1  ^  ^  .  (14) 

For  the  conditions  of  a  microwave  experiment  (see 
Section  4)  we  obtain  from  here 

P>(»2  •  103  W, 


and  for  the  C02-laser  experiment, 
q>(» 2  •  109  W/cm2. 

The  two  latter  conditions  are,  certainly,  rather  “soft”. 
Note  also  that  unlike  condition  (13),  requirement  (14)  is  not 
of  principle  importance  for  the  model  consideration;  its 
breach  does  not  result  in  a  qualitative  change  of  the  physi¬ 
cal  scheme  of  the  phenomenon. 


4.  Microwave  experiment:  description  of  the  set-up  and  first 
experimental  results 

Figure  7  shows  the  scheme  of  the  experimental  set-up.  Mag¬ 
netrons  (1)  and  (2)  radiate  electromagnetic  waves  with  fre¬ 
quencies  ft  =  13  GHz  and  f2  —  9  GHz  and  with  maximum 
output  power  of  radiation  2  •  10s  W,  7  •  10s  W,  respectively. 
Duration  of  the  generators’  pulses  is  10_5s.  Radiation  of 
the  magnetrons  is  injected  into  a  common  waveguide  line  by 
means  of  a  wave  mixer  (5),  and  is  focused  into  a  vacuum 
chamber  (8)  through  a  horn  (6)  and  a  lens  (7).  Diameter  of 
the  transverse  cross-section  of  the  electron  beam  in  the  focal 
plane  is  15  cm.  To  make  efficiency  of  transportation  of  the 
microwave  power  into  the  chamber  higher,  we  use  matching 
components :  super-critical  waveguide  (4)  in  a  “shoulder”  of 
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Fig.  7.  Scheme  of  the  experimental  set-up. 


the  magnetron  with  frequency  13  GHz  and  filter  (3)  that  pre¬ 

vents  radiation  with  frequency  13  GHz  from  penetration 

into  the  “shoulder”  of  the  magnetron  with  frequency  9  GHz. 
After  the  chamber  had  been  degassed  (with  pump  (9)  in  Fig. 
7)  down  to  the  pressure  of  10_5Torr,  it  was  filled  with 
argon  to  the  working  pressure  3  •  10_3Torr.  The  plasma 
was  produced  by  means  of  an  HF  inertial  discharge.  The 
special  shape  of  the  electrodes  of  the  HF  inductor  gave  the 
possibility  to  produce  plasma  with  a  high  degree  of  homo¬ 
geneity  both  along  the  chamber  axis  and  in  the  transverse 
direction.  Plasma  density  was  controlled  by  means  of  a 
Langmuir  probe  (10)  and  varied  during  the  work  of  the 
inductor  (pulse  duration  1  (is)  from  1012  to  lO^cm-3. 
Figure  8  shows  the  time  dependence  of  the  ion  current  to 
the  Langmuir  probe,  which  was  proportional  to  plasma 
density.  Changing  the  time  interval  between  the  leading 
front  of  the  plasma  pulse  and  the  pulse  of  microwave  radi¬ 
ation  we  had  the  possibility  to  study  interaction  of  the 
microwave  radiation  and  plasma  with  various  density. 

In  the  first  experiments  that  were  performed  we  used  for 
diagnostic  of  Langmuir  waves  an  antenna  (11),  the  signal 
from  which  was  transmitted  to  an  HF  receiver,  and  then,  to 
an  oscillograph.  The  bandwidth  of  the  receiver  was  10  MHz 
and  could  be  tuned  within  the  frequency  range  ~ 400  MHz 
near  the  beat  frequency  co0 .  Figure  9  shows  the  time  depen¬ 
dence  of  the  pumping  microwave  pulse  (upper  curve)  and  a 
typical  signal  from  the  antenna  (lower  curve).  It  is  seen  that 
the  grown  of  the  Langmuir  waves  begins  after  the  micro- 
wave  generators  have  been  turned  on.  We  specially  studied 
the  dependence  of  efficiency  of  excitation  of  Langmuir 
waves  on  detuning  between  the  beat  frequency  of  electro¬ 
magnetic  waves  co0  and  plasma  electron  frequency  a>p.  The 
results  of  this  study  are  presented  in  Fig.  10  as  the 
dependence  of  the  amplitude  of  the  signal  from  the  antenna 
(11)  in  relative  units  on  plasma  density  (for  the  difference 
between  magnetron  frequencies  4020  MHz,  Pt  ^  4  •  105  W, 
P2  =  8  •  104W).  Finally,  Fig.  11  shows  the  frequency  spec¬ 
trum  of  the  signal  from  the  antenna  in  the  case  of  the  precise 


Fig.  8.  Typical  time  dependence  of  ion  current  to  the  Langmuir  probe. 
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Fig.  9.  Typical  time  dependence  of  the  magnetron  pulse  (upper  curve)  and 
typical  signal  from  antenna  (11  in  Fig.  7). 


resonance  of  beat  frequency  co0  with  plasma  frequency  cop 
for  two  values  of  pumping  power,  P.  Curve  (a)  corresponds 
to  P  s  4  •  105  W,  curve  (b)  to  P  ^  1.8  •  105  W. 

These  results  give  the  possibility  to  suppose  that  when 
two  magnetrons  are  working  synchronously,  Langmuir 
oscillations  are  excited  in  plasma.  This  is  evidenced,  first  of 
all,  by  the  resonance  character  of  the  dependence  shown  in 
Fig.  10.  Besides,  it  is  seen  from  Fig.  1 1  that  the  width  of  the 
spectrum  of  the  received  signal  exceeds  many  times  the 
width  of  radiation  of  microwave  generators  (~lMHz) 
shown  in  the  figure  as  a  black  line. 

This  makes  it  possible  to  believe  that  the  received  signal  is 
not  the  result  of  direct  mixing  of  the  pumping  microwave  at 
the  double  layer  that  appears  in  plasma  near  the  antenna. 

However,  for  accurate  correlation  of  the  above  theoretical 
concepts  with  the  experimental  results  one  should  perform  a 
series  of  additional  measurements.  In  this  aspect  of  primary 
importance  are  dependencies  of  the  parameters  of  the 
antenna  signal  on  the  pumping  power,  as  well  as  spatio- 
temporal  characteristics  of  electric  fields  in  plasma.  Those 
measurements  require  certain  modification  of  our  set-up, 
first,  improvement  of  the  waveguide  line  parameters  in 
order  to  eliminate  electric  breakdowns  in  waveguides  at 
F,  ^  5  •  105  W. 


&o  /Q.omax 


Fig.  10.  The  amplitude  of  the  signal  from  the  antenna  vs.  plasma  density; 
/,  ~fi  =  4020MHz,  P  £  1.8  •  105  W. 
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Fig.  11.  Frequency  spectrum  of  the  signal  from  the  antenna,  a>l  —  a>2  = 
ajp,  P  £  4  •  105  W  (curve  (a))  and  P  =  1.8  •  105  W  (curve  (b)). 
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Abstract 

We  report  on  the  measurement  of  the  electrostatic  fields  between  the  space 
charge  bunches,  done  in  an  operating  Free  Electron  Laser  (FEL)  at  Colum¬ 
bia  University.  The  FEL  uses  a  600  kV,  100  A  electron  beam  and  a  helical 
undulator  with  period  of  4  cm  to  produce  a  few  MW  of  radiation  at 
24GHz  (12.5mm).  The  FEL  is  operated  in  the  exponential  gain  regime, 
and  amplifies  a  signal  of  several  kW  which  is  provided  by  a  magnetron.  A 
specially  designed  and  calibrated  probe,  described  herein,  is  used  to  deter¬ 
mine  the  electrostatic  fringing  field  near  the  electron  beam,  which  is  then 
corrected  to  give  the  field  within  the  beam.  A  field  ~60kV/cm  was  mea¬ 
sured  when  the  FEL  power  was  ~  1  MW,  and  is  in  the  range  which  is 
predicted  by  numerical  simulation  of  the  theory. 


1.  Introduction 


In  this  paper  we  report  on  measurements  of  the  space 
charge  field  in  the  bunches  of  the  FEL.  Ordinarily,  what  is 
of  interest  in  FEL  physics  is  the  power  produced  by  the 
device,  or  its  gain.  However,  a  new  scheme  [1]  has  been 
proposed  for  a  type  of  IFELA  (inverse  FEL  Accelerator) 
which  takes  advantage  of  the  space  charge  fields  between 
the  bunches  of  electrons  in  the  FEL.  In  the  conventional 
IFELA,  a  certain  fraction  of  the  electrons  are  trapped  in  a 
“bucket”  which  is  then  accelerated  by  manipulation  of  the 
undulator  period  and/or  field;  this  was  recently  studied  with 
success  in  an  experiment  [2].  In  the  new  version,  the  IFEL- 
BWA  (Beat  Wave  Accelerator),  the  primary  electron  beam  is 
a  low  energy  but  high  intensity  beam  which  produces  a 
powerful  microwave  FEL  interaction  and  bunching;  the 
accleration  occurs  when  a  separate  bunch  of  higher-energy 
“test-electrons”  is  inserted  into  the  FEL  bunches.  These 
“test”  electrons  may  then  be  accelerated  in  the  FEL  space 
charge  field  by  increasing  the  phase  velocity  of  the  FEL 
bunches  (the  ponderomotive  wave  phase  velocity).  This  can 
be  done  by  slowly  changing  the  radius  of  the  drift  tube  wall, 
for  example.  Since  no  measurements  of  the  space  charge 
field  have  been  reported,  we  now  do  this  measurement  in 
order  to  establish  more  firmly  some  of  the  underpinnings  of 
the  IFEL-BWA. 

In  our  Raman  FEL  at  Columbia,  the  phase  velocity  of  the 
beat  (ponderomotive)  wave  is 


_  cos  (Qv 

Vp  ks  +  K  +  y3/2(ks  +  kmy 


(1) 


where  ks  is  the  laser  wavenumber,  fcw  is  the  undulator  wave- 
number,  cup  is  the  beam  plasma  frequency,  and  y  is  the  beam 
energy  factor.  Equation  (1)  describes  the  unstable  “slow 
space  charge  wave”  FEL  interaction.  Experimentally,  we  use 
the  FEL  interaction  (1)  to  grow  a  wave  to  saturation  power 
level  and  bunch  the  electron  beam;  then  the  drift  tube 


radius  is  tapered  so  as  to  vary  ks  and  thereby  vp.  (For  the 
low  energy  electron  beam,  the  FEL  radiation  wavelength  is 
long,  and  so  the  “laser  wave”  must  satisfy  the  relation 

k,  =  (ws2/c2  -  /c2)1'2,  (2) 

where  kx  involves  the  diameter  of  the  drift  tube;  thus  a  vari¬ 
able  radius  waveguide  causes  a  varying  ks.)  If  the  high 
energy  electrons  are  then  injected  into  the  bunches  at  the 
correct  phase  and  with  the  phase  velocity  of  the  beat  wave 
at  the  electron  velocity,  they  can  be  accelerated  by  the  space 
charge  if  the  drift  tube  radius  is  tapered.  In  [1],  a  calcu¬ 
lation  is  done  for  a  microwave  FEL,  similar  to  the  one 
described  here,  and  it  was  found  that  the  field  gradient  can 
be  as  high  as  250-500  kV/cm.  In  this  experiment,  the  current 
density  is  lower  than  that  used  for  the  example,  and  we 
expect  lower  accelerating  fields. 

Figure  1  is  a  schematic  of  the  microwave  FEL  experiment 
[3],  The  FEL  can  be  operated  either  as  an  oscillator,  or  as  a 
travelling  wave  amplifier  (TWA)  of  24  GHz  radiation  pro¬ 
vided  by  a  magnetron.  The  magnetron  power  (measured  by 
a  calibrated  power  meter)  is  injected  from  rectangular  wave¬ 
guide  into  a  cylindrical  drift  tube  via  a  9  mm  ID  transition 
section.  In  this  section,  the  waveguide  excites  only  the  circu¬ 
lar  TE11  mode  (all  others  are  cutoff)  which  then  propagates 
through  the  taper  and  into  the  FEL.  In  the  opposite  direc¬ 
tion,  a  cutoff  section  which  passes  the  electron  beam  is 
adjusted  to  reinforce  maximum  microwave  power  in  the 
forward  direction.  The  undulator  is  a  bifilar  helix,  4  cm 
period,  which  incorporates  a  “tapered”  initial  section  so  that 
the  electron  orbit  opens  up  into  a  spiral  gradually.  The  elec¬ 
tron  beam  is  about  4  mm  diameter  and  is  centered  into  the 


10  KW  Microwave  Power 
From  Magnetron  (24  GHz) 


Section 


Fig.  1.  Schematic  of  the  microwave  FEL  [3];  the  electrostatic  probe  is 
located  65  cm  downstream  along  the  undulator,  toward  the  end  of  the  sole¬ 
noid.  A  drift  tube  having  24  mm  ID  was  used  in  this  experiment. 
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Fig.  2.  Computed  growth  of  FEL  signal  power  along  the  undulator,  taking 
the  magnetron  input  power  to  be  5  k W  and  the  undulator  field  to  be  860  G 
(aw  =  0.5),  beam  energy  =  620  kV,  and  guiding  field  =  9200  G. 


7.4  mm  ID  stainless  steel  drift  tube  (cylindrical  waveguide) 
by  taking  “witness  plate”  shots.  A  solenoidal  field  of  0.9  T  is 
provided  for  beam  transport;  this  is  necessary  in  view  of  the 
high  current  density  (~2kA/cm2)  and  low  energy 
(~600kV)  of  the  electron  beam. 

The  performance  of  the  device  as  a  FEL  is  well  modelled 
by  a  numerical  program  [4]  which  computes  the  growth  of 
the  FEL  power  along  the  electron  beam.  The  electron  beam 
is  modelled  in  ID,  but  the  field  equations  are  2D  and  there¬ 
fore  include  the  filling  factor. 


<*h 
d  z 


ks  as  «w 
7j 


sin  i j/j  + 


x  «cos  i j/}  sin  i l/j  —  <sin  i j/}  cos  ij/j). 


(3) 

(4) 

(5) 


Here,  y}  stands  for  the  energy  factor  of  the  jth  electron,  if/j  is 
its  phase,  as  and  aw  are  the  normalized  vector  potentials  of 
the  radiation  and  wiggler  fields,  and  u  is  the  amplitude  of 
the  TE11  mode  of  a  circular  waveguide.  Figure  2  shows  a 
typical  calculation  of  power  growth  along  the  FEL,  starting 
from  an  input  of  10  kW,  of  which  one  half  couples  to  the 
right  circularly  polarized  wave.  It  is  worth  noting,  from  a 
theoretical  point  of  view,  that  it  makes  sense  to  use  a  long- 
wavelength  FEL  to  drive  the  charge  bunches,  as  the  Raman 
contribution  to  the  axial  electric  field  scales  as  tOp//cs . 


2.  The  axial  space  charge  electric  field  measurements 

The  code  itself  can  be  consulted  for  a  printout  of  the  space 
charge  field.  In  Figure  3  we  show  the  computed  distribution 
of  electrons  over  phase,  obtained  as  the  amplified  24  GHz 
FEL  wave  nears  saturation.  One  can  see  that  about  1/3  of 
the  electrons  in  the  simulation  are  bunched  into  a  rather 
narrow  spread  of  phase  (about  0.5  radian  out  of  27t).  This  is 
what  produces  the  strong  axial  electric  field. 

Figure  4  is  a  schematic  of  a  probing  device  which  mea¬ 
sures  the  electrostatic  field.  The  device  is  positioned  near  the 


Fig.  3.  The  distribution  of  electrons  (very  closely  spaced  dots)  in  phase,  as 
computed  from  the  code,  at  z  =  0  (above)  and  z  =  60  cm  (below)  on  the 
undulator.  Appreciable  bunching  occurs  near  the  (arbitrary)  phase  of  31.5 
radians. 


end  of  the  FEL,  where  the  magnetron  signal  has  been 
amplified  to  about  1  MW  level.  The  microwaves  are 
absorbed  by  an  absorbing  baffle  which  is  placed  in  front  of 
a  disk  of  metal.  The  metal  disk  prevents  microwaves  from 
entering  the  device;  however,  a  5mm  hole  permits  the 
bunched  electron  beam  to  pass  through  but  not  the  micro- 
waves.  A  small  coaxial  probe,  with  its  5  mm  long  central 
wire  oriented  parallel  to  the  z-direction,  is  located  a  few  mm 
behind  the  disk  and  about  1.5  mm  from  the  edge  of  the  elec¬ 
tron  beam.  Before  assembly,  the  probe  is  calibrated  by 
picking  up  the  transverse  electric  component  of  the  mag¬ 
netron  wave  in  the  empty  drift  tube  (this  field  is  2  kV/cm  for 
injected  magnetron  power  of  10  kW).  The  coaxial  probe  is 
held  in  a  lucite  jig  which  also  has  a  hole  for  the  electron 
beam  to  pass  out  of.  The  device  picks  up  zero  field  when  the 


Fig.  4.  A  schematic  of  the  probe  assembly,  showing  the  orientation  of  the 
probe  which  picks  up  the  axial  space  charge  field  component.  The  scale  is 
such  that  the  diameter  of  the  drift  tube  is  24  mm. 


Physica  Scripta  T52 


60  T.  C.  Marshall  and  M.  A.  Cecere 


magnetron  is  on  but  the  beam  is  off;  the  pickup  is  also  zero 
when  both  magnetron  and  electron  beam  are  on  but  the 
undulator  field  is  zero.  Now,  it  is  well  known  [5]  that  the 
bunches  of  electrons  which  pass  through  the  device  will 
eventually  cause  a  powerful  rf  signal  to  build  up  down¬ 
stream  of  the  metal  disk.  For  this  reason,  we  locate  the 
probe  close  to  the  metal  disk,  and  place  additional  micro- 
wave  absorber  behind  the  coaxial  probe. 

The  coax  line  from  the  probe  is  passed  through  a  vacuum 
seal  and  is  fastened  onto  a  coax-waveguide  coupler.  This 
generates  24  GHz  signal  in  a  section  of  24  GHz  waveguide. 
An  isolator  and  an  attenuator  are  positioned  before  a  cali¬ 
brated  microwave  crystal  detector  which  is  itself  electrostati¬ 
cally  isolated  from  the  system.  All  the  measured  fields  we 
report  from  the  probe  are  referred  to  the  probe  response 
calibrated  from  the  magnetron  power  in  the  empty  drift 
tube  as  described  above.  The  detector  responds  to  power 
launched  by  the  probe. 

Figure  5  shows  a  typical  shot;  on  it  are  shown  the  diode 
voltage  signal  (negative-going),  the  magnetron  signal  moni¬ 
tored  at  the  input  of  the  FEL  (above)  and  the  output  of  the 
electrostatic  probe  (below).  For  this  shot,  the  undulator  field 
is  set  at  860  G,  which  is  too  low  to  sustain  oscillation,  so  the 
FEL  is  operated  as  a  travelling  wave  amplifier.  (If  the  field  is 
increased  to  950  G,  the  FEL  will  oscillate  even  with  the 
magnetron  off).  The  signal  from  the  probe  varies  widely,  so 
our  measurements  relate  to  a  range  of  observations  relating 
to  the  peak  signal  recorded.  From  the  figure,  one  sees  that 
the  magnetron  power  is  switched  on  just  before  the  high 
voltage  is  applied  to  the  cathode,  and  remains  on  through¬ 
out  the  shot.  The  diode  voltage  in  this  shot  is  “flat”  for  a 
time  ~  50-100  nsec,  but  rises  appreciably  toward  the  end  of 
the  pulse.  Amplification  occurs  over  a  certain  range  of  diode 
voltage  swing,  and  fails  when  the  electron  energy  is  too  high 
(last  50  nsec  of  the  diode  voltage  pulse). 

The  power  emitted  by  the  FEL  was  measured  by  with¬ 
drawing  the  probe  device,  so  that  the  FEL  radiates  via  a 


trl« 


the  diode  voltage  appears.  Middle:  Accelerator  voltage  at  the  diode, 
approximately  negative  600 kV  on  cathode.  Lower:  electrostatic  probe 
signal.  Vertical  scale  is  in  arbitrary  units  of  detector  voltage. 


conical  horn  across  the  room  to  another  microwave  horn 
which  conveys  a  much-attenuated  signal  to  a  shielded  room. 
There,  the  FEL  signal  is  compared  with  the  signal  from  the 
magnetron  only,  radiating  in  the  same  geometry;  since  the 
magnetron  signal  can  be  quantified  using  our  power  meter, 
we  can  infer  the  FEL  power.  The  FEL  oscillator  produces 
in  excess  of  6  MW.  The  FEL  TWA  produces  about  2  MW. 
From  the  code  (Fig.  2),  we  estimate  that  at  the  location  of 
the  probe,  the  FEL  power  level  is  nearly  1  MW. 

At  this  I  MW  power  level,  the  probe  field  readings  are  in 
the  range  of  12kV/cm  RMS  at  the  probe  location,  which  is 
about  1.5  mm  beyond  the  electron  beam  radius  of  2  mm. 

The  probe  is  oriented  so  that  it  senses  the  axial  component 
of  the  fringing  electrostatic  field  from  the  space  charge  wave 
on  the  electron  beam.  The  solutions  of  space  charge  waves 
on  an  electron  “plasma  cylinder”  can  be  represented  in 
terms  of  Bessel  functions  of  imaginary  argument  [6],  from 
which  we  obtain  that  the  electrostatic  field  at  the  probe 
location  is  approximately  27%  of  the  axial  component  of 
field  referred  to  the  electron  beam.  Thus,  at  the  1  MW  level, 
we  estimate  the  electrostatic  field  actually  present  in  the 
beam  bunches  to  be  ~60kV/cm  peak  amplitude.  This  is  to 
be  compared  with  the  results  from  the  FEL  Raman  code: 
when  the  FEL  power  reaches  the  1  MW  level,  the  code  pre¬ 
dicts  an  axial  electric  field  of  peak  amplitude  ~45kV/cm.  If 
the  FEL  power  were  to  grow  to  20  MW,  its  optimum  pre¬ 
dicted  saturation  level  in  this  device,  then  the  peak  electro¬ 
static  field  on-axis  from  the  space  charge  bunches  should  be 
about  150kV/cm. 

These  fields  are  consistent  with  the  assumptions  set  forth 
in  reference  [1],  In  that  paper,  it  was  found  that  by  using  a 
higher  electron  beam  current  density  (8.4  kA/cm2),  it  should 
be  possible  to  achieve  an  accelerating  field  of  roughly 
0.5  MV/cm,  thereby  using  the  space  charge  field  in  a  micro- 
wave  FEL  to  accelerate  a  secondary  bunch  of  electrons  to 
much  higher  energy. 
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Abstract 

A  principle  of  the  laser  wakefield  particle  acceleration  has  been  tested  by 
the  Nd  :  glass  laser  system  with  the  peak  power  of  30  TW  and  the  pulse 
duration  of  1  ps.  The  particle  acceleration  up  to  18  MeV/c  has  been  demon¬ 
strated  by  injecting  1.0  MeV/c  electrons  emitted  from  a  solid  target  by  an 
intense  laser  impact.  The  corresponding  field  gradient  achieves  1.7  GeV/m. 


1.  Introduction 

Recently  there  has  been  a  great  interest  in  laser-plasma 
accelerators  as  next  generation  particle  accelerators  because 
of  their  potential  for  ultrahigh  accelerating  gradients  and 
compact  size  compared  with  conventional  accelerators.  It  is 
known  that  the  laser  pulse  is  capable  of  exciting  a  plasma 
wave  propagating  at  a  phase  velocity  close  to  the  velocity  of 
light  by  means  of  beating  two-frequency  laser  pulses  or  an 
ultrashort  laser  pulse  [1].  These  schemes  came  to  be  known 
as  the  Beat  Wave  Accelerator  (BWA)  for  the  beating  laser 
driver  or  as  the  Laser  Wakefield  Accelerator  (LWFA)  for 
the  short  pulse  laser  driver.  Experimental  activities  around 
the  world  have  focused  on  the  BWA  scheme  using  C02  and 
Nd  :  glass  lasers  [2],  primarily  becase  of  lack  of  intense 
ultrashort  pulse  lasers.  A  possible  advantage  in  the  BWA  is 
efficient  excitation  of  plasma  waves  due  to  resonance 
between  the  beat  frequency  of  two  lasers  and  the  plasma 
frequency.  On  the  other  hand,  a  fine  adjustment  of  the  beat 
frequency  with  the  plasma  frequency  is  necessary.  In  the 
mean  time,  the  LWFA  does  not  rely  on  the  resonant  excita¬ 
tion  of  plasma  waves  so  that  a  fine  tuning  of  the  plasma 
density  is  not  absolutely  necessary.  Excitation  of  the  plasma 
wave  turns  out  to  be  more  efficient  in  the  LWFA  than  the 
BWA  as  the  laser  intensity  increases  over  ~  1018  W/cm2  for 
a  Nd  glass  laser.  Furthermore  a  new  prospect  of  the  LWFA 


are  proposed,  that  is  called  “self-modulated-LWFA”  [3]  in 
which  the  self-modulation  of  the  laser  pulse  is  accompanied 
by  the  resonant  excitation  of  wakefields  behind  the  pulse.  If 
practical  and  controllable,  this  scheme  will  have  significant 
advantages  in  laser-plasma  acelerators.  In  the  LWFA 
scheme,  however,  no  experiment  is  reported  on  the  wake- 
field  excitation  and  its  acceleration  of  particles. 

2.  Nd  :  Glass  laser  system 

The  recent  progress  in  ultrashort  intense  laser  allows  us  to 
test  the  principle  of  the  laser  wakefield  acceleration.  In  our 
experiment,  the  laser  pulse  with  the  peak  power  of  30  TW 
and  the  pulse  duration  of  1  ps  is  delivered  by  the  Nd  :  glass 
laser  system  at  Osaka  University  [4],  The  laser  system  is 
schematically  shown  in  Fig.  1.  This  laser  system  is  based  on 
the  technique  of  chirped  pulse  amplification  [5].  A  low 


130  ps  450  ps  200  ps 

<0. 1  nm  4  nm  2.2  nm 


Fig.  1.  Schematic  diagram  of  the  1  ps  Nd  :  glass  laser  system. 


Physica  Scripta  T52 


62  K.  Nakajima  et  al. 


energy  pulse  of  20  nJ  with  130ps  duration  from  the  mode- 
locked  oscillator  is  passed  through  a  single  mode  fiber  of  a 
1.85  km  length  to  produce  a  linear  frequency  chirp.  The  long 
linearly  chirped  pulse  with  450  ps  duration  and  4nm  band¬ 
width  at  exit  of  the  fiber  is  split  into  two  parts  each  of  which 
is  amplified  to  the  maximum  energy  of  40  J  through  each 
broad  bandwidth  amplifier-chain.  One  of  amplified  pulses 
with  200  ps  duration  and  1.8  nm  bandwidth  is  compressed 
to  1  ps  duration  by  a  pair  of  gratings.  The  other  uncompre¬ 
ssed  pulse  is  focused  on  the  solid  target  to  produce  an  elec¬ 
tron  beam. 


3.  Experimental  setup 

The  experimental  setup  is  schematically  shown  in  Fig.  2. 
The  laser  beam  with  a  140  mm  diameter  from  the  compres¬ 
sion  stage  is  focused  by  a  3.1  m  focal  length  lens  of  f/22  into 
the  vacuum  chamber  filled  with  a  He  gas  to  a  spot  size  of 
80  pm.  The  peak  intensity  of  the  order  of  1017  W/cm2  can  be 
achieved  so  that  a  fully  ionized  plasma  can  be  created  in  a 
fast  time  scale  (<10fs)  due  to  the  tunneling  ionization 
process.  The  threshold  intensity  for  the  onset  of  tunneling 
ionization  is  8.8  x  1015W/cm2  for  He2+  ion  [6],  With  a 
10  TW  laser  pulse  focused  into  the  He  gas,  the  fully  ionized 
plasma  can  be  produced  over  more  than  60  mm  around  the 
beam  waist.  The  compressor  grating-pair,  the  10°  mirror 
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and  the  focusing  lens  are  installed  in  the  vacuum  vessel  con¬ 
nected  to  the  vacuum  chamber  for  the  experiment.  These 
vacuum  chambers  are  evacuated  down  to  ~10“5Torr  with 
two  turbo  molecular  pumps. 

Recombination  emission  from  the  focal  region  plasma  is 
imaged  onto  a  charge-coupled-device  (CCD)  camera  to 
measure  the  length  of  the  plasma  channel.  Far-field  patterns 
of  the  transmitted  laser  light  is  probed  by  a  Polaroid  film  at 
the  exit  of  the  vacuum  chamber.  The  transmitted  1  ps  laser 
pulse  is  analyzed  by  the  spectrometer-optical  multichannel 
analyzer  with  a  spectral  resolution  of  1  nm  and  imaged  into 
the  spectrometer-streak  camera  combination  with  a  time 

resolution  of  0.6  ps  and  a  spectral  resolution  of  0.33  nm.  The 

optical  multichannel  analyzer  is  used  for  measuring  an  inte¬ 
grated  blueshifting  of  the  laser  frequency  in  the  ionization 
front  with  a  time  scale  of  <10fs.  The  spectrometer-streak 
camera  detects  a  spectral  shift  resolved  with  respect  to  the 
time  axis  so  that  the  electron  density  gradient  proportional 
to  the  wakefield  should  be  observed  as  a  spectral  oscillation 
of  which  amplitude  represents  amplitudes  of  excited  plasma 
waves.  A  time  profile  of  the  streak  image  gives  a  direct 
observation  of  the  laser  pulse  form  modulated  by  inter¬ 
action  with  the  plasma.  For  the  high  density  plasma  experi¬ 
ment,  a  He  gas  was  filled  with  the  supersonic  gas  jet  injector 
modified  from  the  automobile  fuel  injector.  For  a  low 
density  plasma,  a  gas  was  statically  filled  with  the  flow  con¬ 
trolled  valve. 

Electrons  for  acceleration  are  produced  from  an  alumin¬ 
um  solid  target  irradiated  by  the  amplified  200  ps  laser 
pulse.  The  P-polarized  laser  beam  with  140  mm  diameter  is 
focused  with  a  1.6  m  focal  length  lens  to  a  spot  size  of  40  pm 
diameter  on  the  aluminum  rod  of  6  mm  diameter.  The  peak 
intensity  then  exceeds  1016  W/cm2  for  20  J  irradiation  which 
is  sufficient  to  induce  stimulated  Raman  scattering  insta¬ 
bilities.  The  target  rod  of  60  mm  length  is  mounted  on  the 
plunger  head  inside  the  vacuum  chamber  and  vertically 
shifted  by  a  0.5  mm  step  in  each  shot  to  replace  an  ablated 
surface  into  a  fresh  surface  shot  by  shot.  Hot  electrons 
emitted  from  the  target  are  injected  into  the  waist  of  the  1  ps 
pulse  laser  beam  through  the  90°  bending  magnet  with  an 
appropriate  edge  angle  so  as  to  achieve  double  focusing  of 
an  electron  beam.  Since  the  electron  beam  duration  is  as 
short  as  the  200  ps  laser  pulse  duration,  the  optical  path 
length  of  the  200  ps  laser  pulse  is  adjusted  to  a  relative  time 
delay  of  the  1  ps  laser  pulse  arriving  at  the  interaction  point 
so  that  the  1  ps  laser  pulse  should  overlap  with  electrons  at 
the  focus  within  +  lOOps.  Electrons  trapped  by  Wakefields 
are  accelerated  in  the  beam  waist  of  twice  the  Rayleigh 
length  sslOmm.  The  momentum  of  electrons  are  analyzed 
by  the  dipole  field  of  the  magnetic  spectrometer  placed  in 
the  exit  of  the  interaction  chamber.  This  spectrometer 
covers  the  momentum  range  of  6-19.5  MeV/c  at  the  dipole 
field  of  3.9  kG.  Upon  exiting  the  vacuum  chamber  through  a 
30  pm  thick  Capton  window,  electrons  are  detected  by  the 
array  of  32  scintillation  counters  each  of  which  is  assembled 
with  a  3  mm  thick,  10  mm  wide,  60  mm  long  plastic  scintil¬ 
lator  coupled  to  a  5-in.  photomultiplier.  Pulse  heights  of  the 
detector  are  measured  by  the  fast  multichannel  CAMAC 
ADCs  gated  by  the  trigger  pre-pulse  in  coincidence  with  the 
laser  pulse.  The  momentum  resolution  of  the  spectrometer  is 
typically  1.0  MeV/c  per  channel  at  the  3.9  kG  bending  field. 
Figure  3  shows  the  momentum  calibration  plot  for  each 


A  Proof-of-principle  Experiment  of  Laser  Wakefield  Acceleration  63 


Channel 

Fig.  3.  Momentum  calibration  of  the  electron  spectrometer  obtained  from 
the  magnetic  field  mapping. 
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channel  of  the  spectrometer.  The  background  X-rays  are 
detected  by  4  scintillation  counters  (180  x  160  x  5  mm3) 
placed  around  the  vacuum  chamber  to  monitor  electron 
intensity.  The  vacuum  chamber  is  shielded  by  4  mm  thick 
lead  sheets  to  reduce  the  flux  of  background  X-rays.  The 
back  of  the  detector  is  entirely  surrounded  by  50  mm  thick 
lead  bricks  so  that  the  background  output  can  be  reduced 
to  be  less  than  a  few  counts  for  all  ADC  channels. 

4.  Results  and  discussion 

In  the  beginning  of  this  experiment,  the  electron  production 
has  been  carried  out  by  using  only  the  200  ps  laser  pulse.  The 
momentum  distribution  of  produced  electrons  was  mea¬ 
sured  with  the  spectrometer  for  the  injection  bending  field 
set  to  0.5,  1.0,  1.5,  2.0  and  3.0MeV/c.  The  data  are  sum¬ 
marized  in  Fig.  4.  The  flux  of  electrons  above  2MeV/c 
(ssl.6MeV  kinetic  energy)  is  negligibly  small.  A  number  of 
electrons  along  with  numerous  X-rays  were  produced  above 
the  pulse  energy  of  20  J  corresponding  to  ~1016W/cm2. 
This  result  implies  a  good  agreement  with  simulation  and 
experimental  results  of  Raman  forward  scattering  instability 
[7].  For  the  injection  bending  field  set  to  340  G,  the  inten¬ 
sity  of  a  hot  electron  beam  with  momentum  of 
0.88  +  0.3  MeV/c  was  estimated  to  be  more  than  104  in  the 
interaction  region. 

In  the  acceleration  experiment  the  injected  momentum  of 
electrons  was  lower  than  1  MeV/c.  The  noise  level  has  been 
measured  by  taking  the  data  for  either  shot  of  the  200  ps 
pulse  or  the  1  ps  pulse.  No  energetic  electrons  above 
2  MeV/c  were  observed  when  only  the  200  ps  pulse  was 
injected  into  the  target,  although  a  large  X-ray  signal  was 
detected  in  the  monitor  detector.  The  background  level  of 
the  detector  was  not  larger  than  a  few  ADC  counts  when 
only  the  1  ps  pulse  was  injected  into  a  gas  (160mTorr  He). 
There  was  no  significant  contribution  to  the  detectable 
signal  due  to  self-trapping  of  the  background  plasma 
electrons  and  X-ray  emission  in  the  plasma.  No  energetic 
electrons  were  observed  when  both  the  200  ps  pulse  and  the 


Electron  momentum  (MeV/c) 

Fig.  4.  Momentum  distributions  of  electrons  produced  by  the  200  ps  laser 
pulse  at  the  injection  bending  field  set  to  0.5, 1.0, 1.5, 2.0  and  3.0  MeV/c. 

1  ps  pulse  were  injected  into  an  evacuated  chamber 
(5.2  x  lCT5Torr). 

All  data  of  electron  momentum  distribution  are  shown  in 
Fig.  5.  These  data  points  were  obtained  from  shots  accom¬ 
panying  an  ample  signal  level  in  X-ray  monitoring  detec¬ 
tors.  We  observed  several  candidate  data  points  contributed 
by  electrons  accelerated  up  to  higher  than  6  MeV/c  when 
the  gas  was  injected  at  the  back-pressure  of  8  atm.  The 


Electron  momentum  (MeV/c) 

Fig.  5.  Momentum  distributions  of  electrons  accelerated  by  wakefields  of 
the  1  ps  laser  pulse  at  various  powers  and  gas  pressures. 
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highest  momentum  of  the  accelerated  electrons  was 
17.7  +  0.5  MeV/c.  This  implies  an  accelerating  gradient  of 
more  than  1.7GeV/m.  The  linear  plasma  fluid  theory  pre¬ 
dicts  the  accelerating  gradient  of  2.5GeV/m  in  the  plasma 
wave  excited  by  a  1  ps  Nd  :  glass  laser  with  the  peak  inten¬ 
sity  of  1018W/cm2  at  the  plasma  electron  density  of 
2.4  x  1015cm~3.  The  simulation  indicates  that  an  estimate 
of  the  number  of  electrons  accelerated  up  to  more  than 
6  MeV/c  was  ~0.4%  of  the  injected  electrons  with  the 
momentum  of  1  MeV/c  for  the  maximum  gradient  of 
1.7GeV/m. 

These  results  have  been  not  yet  conclusive  because  of  lack 

of  the  number  of  the  laser  shots  reproduced  in  a  constant 
condition.  It  may  be  necessary  to  measure  the  streak  spec¬ 
trum  of  the  laser  pulse  and  the  blueshifts  due  to  the  laser- 
plasma  interaction  simultaneously  with  the  electron 
acceleration. 

5.  Conclusions 

Electrons  have  been  observed  to  be  accelerated  up  to 
18  MeV/c  when  1  MeV/c  electrons  emitted  by  intense  laser 
irradiation  on  the  solid  target  were  injected  to  the  gas  jet 
plasma  produced  by  the  1  ps  laser  pulse.  Momentum  of  elec¬ 
trons  produced  by  impact  of  the  200  ps  laser  pulse  was 
lower  than  2  MeV/c.  No  electrons  of  higher  than  2  MeV/c 


were  detected  when  only  1  ps  laser  pulse  was  focused  into 
the  gas  or  when  the  1  ps  laser  pulse  was  focused  in  vacuum 
with  electron  injection.  We  concluded  that  injected  electrons 
were  accelerated  in  the  wakefield  excited  by  the  1  ps  laser 
pulse.  A  direct  measurement  of  the  wakefield  in  the  plasma 
is  pursued. 
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Abstract 

Non-linear  large  amplitude  ion  wave  excitation  by  short  microwave  pulse 
at  the  resonance  absorption  region  has  been  observed.  The  maximum 
amplitude  of  the  wave  is  8n/n  as  40%  in  peak-to-peak,  when  a  short  micro- 
wave  pulse  of  the  order  of  or  less  than  a  period  of  ion  oscillation  (t,  = 
2n/copi)  is  used.  The  excited  wave  propagates  to  lower  density  regions  and 
its  velocity  is  a  function  of  its  amplitude,  t>  oc  (<5n/n0)22-2'7.  At  the  same 
time,  a  strong  electron  wave  is  excited  after  shut-off  of  the  incident  micro- 
wave  pulse  and  high  energy  electrons  are  emitted  and  accelerated  by  the 
excited  electron  wave  wakefield. 

1.  Introduction 

Recent  interests  of  charged  particle  accelerators  are  focused 
on  producing  much  higher  acceleration  gradient  than  the 
present  conventional  accelerators  which  have  typical  accel¬ 
eration  gradient  of  about  10-20  MeV/m.  Plasma  based 
accelerators  have  been  investigated  for  the  last  decade  and 
some  of  new  acceleration  schemes,  including  a  plasma  wake- 
field  accelerator  (PWFA),  a  plasma  beat  wave  accelerator 
(PBWA)  and  a  vp  x  B  accelerator  (including  surfatron),  have 
been  proposed  and  successfully  demonstrated  in  their  proof 
of  principle  experiments  [1],  In  addition,  a  possibility  of  the 
charged  particle  acceleration  using  a  transverse  electric  field 
supplemented  by  a  weak  external,  static  magnetic  field  in 
parallel  to  the  fluctuating  magnetic  field  has  also  been  dis¬ 
cussed  [2].  Some  of  the  experimental  results  based  on  the 
above  mentioned  schemes  have  shown  to  give  higher  accel¬ 
eration  gradients  than  the  conventional  methods  have.  In 
the  plasma  based  accelerators,  it  might  be  easy  to  achieve 
more  than  100  MeV/m  in  the  acceleration  gradient  for  elec¬ 
trons  or  positrons  or  to  realize  1  GeV  particles  within  a 
10  m  accelerator. 

A  laser  wakefield  accelerator  (LWFA),  which  has  been 
proposed  originally  by  T.  Tajima  and  J.  Dawson  [3]  and 
extensively  investigated  to  propose  the  concept  of  optical 
guiding  by  P.  Sprangle  et  al.  [4],  is  one  of  new  mechanism. 
In  this  scheme  a  large  amplitude  plasma  wave  is  produced 
by  injecting  a  high  intensity  laser  pulse,  the  width  of  which 
is  less  than  a  period  of  plasma  oscillation  (xpe  =  2n/o)pc), 
into  the  plasma.  Ponderomotive  force  of  the  laser  field  acts 
on  the  plasma  electrons.  As  the  laser  fields  propagate  with  a 
group  velocity  vg  in  the  plasma,  the  velocity  of  the  resultant 
large  amplitude  plasma  wakefield  is  equal  to  vg .  The  advan¬ 
tage  of  this  scheme  is  the  excitation  of  the  plasma  wave  is 
that  it  is  independent  of  the  plasma  density,  that  is,  non¬ 
resonance  excitation. 
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In  this  paper  we  like  to  present  experimental  results  of 
exciting  large  amplitude  wakefields  by  injecting  short  fall-off 
time  microwave  pulse  in  a  resonance  absorption  region.  At 
the  same  time,  large  amplitude  wakefields  in  the  ion  wave 
regime  have  also  been  observed,  after  shut-off  of  the  short 
microwave  pulse.  In  these,  the  pulse  width  of  a  period  of  ion 
oscillation  (xj  =  2n/ojpj)  is  the  key  for  exciting  wakefields 
with  a  velocity  much  less  than  the  speed  of  light.  Although 
the  exciter  of  the  wakefield,  the  microwave  pulse,  does  not 
propagate,  remaining  in  the  resonance  region,  the  excited 
wave  propagates  with  a  velocity  much  larger  than  that  of 
ion  acoustic  waves  after  shutting  off  the  rf  field.  The  excited 
wakefield  has  a  maximum  amplitude  up  to  about  dn/n0  = 
40%.  Such  a  large  amplitude  wave  has  rarely  been  observed 
in  the  ion  wave  regime  except  for  the  ion  wave  soliton  [5] 
or  ion  wave  wakefield  [6],  carried  out  in  a  double  plasma 
device.  The  maximum  amplitude  in  these  cases  is  about 
20%.  Therefore,  the  wave  is  also  useful  for  studying  strong 
nonlinear  wave  phenomena  including  strong  wave-particle 
interaction. 

2.  Experimental  setup 

A  schematic  view  of  the  experimental  apparatus  is  shown  in 
Fig.  1.  Cylindrical,  nonuniform  argon  plasma  was  produced 
by  pulse  discharge  (discharge  duration  of  3  msec  and  10  Hz 
repetition)  in  a  stainless-steel  chamber  of  lm  length  by 
60  cm  diameter  covered  with  multidipole  magnets  for  a 
plasma  confinement.  Acrylic  resin  board  located  at  far  end 
of  the  chamber  from  the  horn  antenna  prevents  the  micro- 
wave  reflection  in  minimum  inside  the  chamber.  Typical 


Fig.  1.  Schematic  view  of  the  experimental  apparatus. 
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plasma  parameters  are  the  maximum  plasma  density  nc  a 
2  x  lO^cm-3,  electron  temperature  Tc  x  3-5  eV,  ion  tem¬ 
perature  7]  a  7^/10  in  an  argon  gas  pressure  «  4  x 
10-4Torr.  The  typical  density  gradient  scale  length  in 
the  axial  direction  (z-direction)  L,  =  (d  In  n/dz)~ 1  * 
100-150cm  and  in  the  radial  direction  Lr  =  ( d  In  n/9r)_1  w 
100-200  are  observed.  All  the  plasma  parameters  including 
fluctuating  wave  forms  are  diagnosed  by  Langmuir  probes 
with  tip  of  1  mm  length  by  0.5  mm  diameter,  which  is  made 
of  semirigid  cable.  Probes  are  biased  in  an  electron  satura¬ 
tion  current  region  when  the  density  fluctuations  are 

observed. 

The  p-polarized  microwave  with  frequency  /  =  o/ 
2n  =  2.86  GHz  and  a  maximum  power  of  10  kW  is  irradi¬ 
ated  from  a  horn  antenna  located  at  the  lower  end  of 
plasma  density  toward  the  higher  density  area.  The  pulse 
width  of  the  rf  wave  ranges  from  60  ns  to  1  psec  in  FWHM, 
and  a  typical  fall-off  time,  Tfall ,  from  80-200  ns,  where  Tfal]  is 
defined  as  the  time  difference  between  10%  and  90%  of  the 
maximum  of  the  rf  power.  The  pulse  shape  is  not  necessarily 
Gaussian  and  the  fall-off  time  can  become  larger  than  the 
pulse  width. 


3.  Experimental  results  and  discussion 

When  a  narrow  rf  pulse  is  applied,  a  large  amplitude  elec¬ 
tron  plasma  wave  can  be  excited  at  the  critical  layer  where 
co  =  cope  is  satisfied.  A  typical  wave  form  observed  at  the 
critical  layer  is  shown  in  Fig.  2.  Here,  the  top  trace  shows 
the  electron  density  fluctuations,  the  middle  trace  shows  the 
electric  field  fluctuations  measured  through  the  crystal 
detector  and  the  bottom  trace  refers  to  the  incident  micro- 
wave  pulse.  Note  that  the  detector  used  for  measuring  the 
electric  field  fluctuation  has  a  frequency  response  in  the 
range  of  0.01-18  GHz  (model  HP-463),  so  that  the  low  fre¬ 
quency  fluctuations  caused  by  the  waves  with  frequencies  in 
the  ion  wave  regime  were  not  detected,  only  the  envelope  of 
the  electron  plasma  wave  was.  A  large  amplitude  electron 
plasma  wave,  shown  in  the  middle  trace,  can  run  down  the 
plasma  density  gradient.  At  the  same  time  high  energy  elec¬ 
tron  emission  (e  >  50  eV,  e  is  the  maximum  energy)  has  been 
observed  as  well  within  this  duration  (not  shown  here),  that 
are  accelerated  by  the  large  amplitude  electron  plasma 
waves  excited  near  the  critical  layer.  Here,  the  incident 
microwave  pulse  should  have  a  width  of  about  an  ion 
plasma  wave  period  or  less,  otherwise  the  present  wave 
cannot  be  excited.  The  electrons  could  be  pushed  out  as  a 
bunch  of  electrons  by  the  ponderomotive  force  of  the  elec¬ 
tromagnetic  wave  localized  near  the  critical  layer.  After 
turn-off  of  the  microwave  pulse  the  positive  space  charge 
remains  there,  and  the  resultant  ambipolar  Coulomb  force 
can  drive  ion  waves.  Thus,  the  traveling  electron  bunch 
could  excite  the  wakefield  in  the  ion  wave  regime  suc¬ 
cessively  in  space.  This  situation  is  quite  similar  to  previous 
results  [6],  in  which  a  bunch  of  ions  is  employed  to  excite 
the  ion  wave  wakefield.  Therefore,  the  wave  velocity  should 
be  very  close  to  the  traveling  velocity  of  the  electron  bunch. 

Figure  2  also  shows  density  fluctuations,  n,  at  a  resonance 
point  (nc  =  1.0  x  10 11  cm-3)  detected  by  the  probe  (upper 
traces)  corresponding  to  different  injection  of  microwave 
pulse  (lower  traces).  The  incident  rf  waves  denoted  by  (a),  (b) 
and  (c)  have  pulse  widths  of  60,  250  and  400  ns  with  fall-off 


Fig.  2.  Typical  wave  forms  excited  by  the  short  microwave  pulse.  Top: 
Oscilloscope  trace  of  the  electron  density  fluctuation  in  the  top  trace,  the 
envelope  of  the  high  frequency  electric  field  fluctuation,  |  E2 1,  (/>  10  MHz) 
in  the  middle  trace  and  the  envelope  of  the  incident  microwave  pulse  in  the 
bottom  trace.  Bottom:  The  density  fluctuations  at  the  resonance  region 
irradiating  with  rf  pulses  with  various  fall-off  times,  Tf,„.  a:  t(.u  =  80ns, 
pulse  width  =  60ns.  b:  Tf,n  =  170ns,  pulse  width  =  250ns.  c:  if,n  =  180ns, 
pulse  width  =  400  ns. 


times  of  80,  170  and  180  ns,  respectively.  The  maximum 
power  of  all  these  is  4.5  kW.  The  maximum  amplitude, 
Sn/n0 ,  of  (a),  (b)  and  (c)  are  0.38,  0.28  and  0.23,  respectively. 
All  waveforms  in  the  density  indicate  that  large  amplitude 
density  fluctuations  are  excited  after  shutting  off  the  micro- 
wave.  Density  dips  due  to  ponderomotive  force  can  be  seen 
just  when  the  rf  pulse  is  irradiated.  Numbers  from  1-5 
denoted  in  the  trace  (a)  indicate  indexes  for  later  conve¬ 
nience  to  explain  the  characteristics  of  these  waves. 

Hereafter,  we  concentrate  on  the  lower  frequency  fluctua¬ 
tions.  The  relation  between  the  fall-off  time  of  the  rf  pulse 
(TfaU)  and  the  amplitude  dn/n0  is  shown  in  Fig.  3.  Larger 
amplitude  waves  (>30%)  are  excited  when  the  microwave 
pulse  with  shorter  fall  off  time,  tfaH  <  120  ns,  is  irradiated. 
This  result  can  be  explained  by  the  relation  between  the 
period  of  the  ion  wave  oscillation  (rpi)  and  the  fall-off  time 
(Tfal!)  as  the  explanation  of  the  mechanism  for  the  wakefield 
excitation.  The  ion  plasma  frequency,  <upi,  calculated  by 
using  the  experimental  parameters,  is  estimated  to  be 
s6x  107s_1,  correponding  to  a  period  of  ion  wave  oscil- 
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Fig.  3.  Maximum  amplitude  of  Sn/n0  as  a  function  of  fall-off  time  ifaH . 


lation  of  rpj «  100  ns.  A  large  amplitude  wave  is  excited 
when  the  fall-off  time  is  less  than  the  characteristic  time  of 
the  ion  oscillation. 

In  the  theory  of  the  LWFA,  the  irradiated  laser  pulse  pro¬ 
pagates  with  the  group  velocity  vg  in  the  plasma,  therefore 
the  generated  Wakefields  propagate  after  the  laser  pulse  has 
passed  by.  There  are  differences  between  the  experiments 
and  the  LWFA  theory.  The  velocity  of  the  wakefield  can  be 
decided  by  the  dispersion  relation,  because  the  effective 
velocity  of  the  rf  pulse  for  excitation  is  zero  at  the  resonance 
point,  the  exciting  layer.  The  excited  wave  is  an  ion  wave 
because  the  fall-off  time  (TfaI1)  of  the  incident  rf  field  has  a 
relation  rpe  rfall  <  rpi .  Therefore,  we  can  say  that  our 
experiments  have  demonstrated  the  special  case  of  the 
LWFA  (»g  -*  0). 

Figure  4  shows  a  time-space  distribution  of  the  fluctua¬ 
tion  obtained  by  scanning  the  probe  in  the  z-direction.  The 
waves  were  excited  at  the  resonance  point  (z  a  22  cm)  and 
propagated  toward  the  lower  density  region.  The  first  wave, 
which  is  denoted  1  in  Fig.  2,  is  excited  at  the  same  time  as 
the  rf  waves  are  shut  off  and  propagates  faster  than  the 
other  waves  (2-5).  The  velocity  of  the  first  wave  is  estimated 
to  be  vr  =  (1-5)  x  107  cm/s.  This  should  be  the  electron 
plasma  wave  because  the  electron  thermal  velocity  of  the 
plasma  is  estimated  to  be  ulh  =  1  x  108  cm/s  calculated  by 


time  (^is) 

Fig.  4.  Temporal-spatial  distribution  of  the  waves. 


the  plasma  parameters.  The  other  waves,  marked  2-5,  have 
different  characteristics  in  the  propagation. 

Figure  5(a)  shows  the  velocity  of  the  waves  as  a  function 
of  z.  The  waves  propagate  to  the  lower  density  region 
decreasing  their  velocity.  In  the  area  z  ^  18  cm,  the  waves 
have  a  constant  velocity,  v  —  (4-5)  x  105  cm/s,  which  is  the 
estimated  ion  acoustic  velocity  in  this  region.  Here,  the 
velocity  of  the  ion  acoustic  wave  cs ,  is  defined  by 


(1) 


where  M  and  kB  are  the  ion  mass  and  Boltzmann  constant, 
respectively.  Therefore,  these  density  fluctuations  would  be 
the  ion  acoustic  waves,  at  least  in  this  area. 

Figure  5(b)  shows  the  relation  between  the  velocity  of  the 
waves  and  their  amplitude  to  explain  the  characteristics  of 
the  propagation.  Symbols  □  and  ■  represent  the  4th  and 
5th  peaks  in  Fig.  2,  respectively.  The  dependence  v  oc 
(5n/n0)2-2  is  observed  in  the  5th  wave  and  for  the  4th  wave 
v  oc  (<5n/n0)2-7.  In  the  experiments  of  the  ion  acoustic  soli- 
tons,  a  similar  dependence,  v  oc  (Sn/n0)2,  has  been  reported, 


Fig.  5(a).  Relation  between  the  velocity  of  the  waves  and  the  position  z. 
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Fig.  5(b).  Propagation  velocity  as  a  function  of  the  amplitude  of  the  wave 
6n/n0 . 4th  wave:  v  oc  (Sn/n0)21,  5th  wave:  v  oc  (6n/n0)2  2. 
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although  there  are  no  precise  theories  of  such  large  ampli¬ 
tude  solitons.  Therefore,  the  excited  waves  may  have  some 
characteristics  of  ion  acoustic  solitons. 

4.  Conclusion 

We  have  observed  the  wakefield  excited  in  both  the  electron 
wave  regime  and  the  ion  wave  regime  by  irradiating  a 
microwave  pulse  with  shorter  fall-off  time  compared  with 
the  period  of  ion  oscillation  in  the  resonance  absorption 
region.  When  an  rf  pulse  with  the  fall-off  time  of  70  ns  is 
applied,  an  electron  wave  is  excited  and  high  energy  elec¬ 
trons,  that  are  presumably  accelerated  by  the  electron  wave, 

are  observed.  After  the  electron  wave  has  been  damped  out, 
a  large  amplitude  wakefield  in  the  ion  wave  regime  is 
observed  to  reach  an  amplitude  of  about  Sn/n0  =  40%.  The 
amplitude  of  the  wakefield  in  the  ion  wave  regime  decreases 
with  increasing  falling  time  of  the  rf  pulse.  The  excited 
wakefield  propagates  with  a  velocity  larger  than  that  of  the 
ion  acoustic  wave,  and  the  velocity  is  proportional  to  the 
square  of  the  amplitude.  The  results  show  fairly  good  agree¬ 


ment  with  the  theory  of  the  wakefield.  However,  we  need 
more  precise  theoretical  investigations  on  the  wakefield  in 
the  ion  wave  regime. 
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Abstract 


2.  Experimental  apparatus 


A  collinear  wakefield  test  facility  using  two  linacs  with  a  common  test  sec¬ 
tion  is  constructed.  Beams  from  one  linac  excite  wakefields  in  a  test 
medium  such  as  a  plasma,  while  beams  from  the  other  linac  witness  the 
wakefields.  The  time  interval  between  the  two  beams  is  controllable  with  an 
accuracy  of  ~  1  psec.  Plasma  wakefield  acceleration  experiments  were  con¬ 
ducted  using  this  facility. 

1.  Introduction 

Plasma  wakefield  acceleration  is  one  of  the  methods  which 
are  proposed  in  order  to  obtain  an  acceleration  gradient 
high  enough  for  the  next  generation  of  linear  colliders  [1], 
The  concept  has  been  first  tested  experimentally  in  1988 
at  the  Argonne  National  Laboratory  (ANL)  [2],  More 
recently,  gradient  of  20MeV/m  has  been  produced  by  a 
train  of  bunches  from  the  500  MeV  linac  at  KEK  [3].  Two 
experiments  aiming  at  a  gradient  on  the  order  of  0.1-1  GeV/ 
m  are  now  planned  at  ANL  [4]  and  at  the  Budker  Institute 
of  Nuclear  Physics  in  Novosibirsk  [5]. 

The  experiments  reported  in  this  paper  do  not  aim  at 
renewing  the  acceleration  gradient  record.  They  aim  at 
accumulating  basic  data  of  this  acceleration  instead.  A  new 
collinear  wakefield  test  facility  was  constructed  for  this 
purpose  [6],  which  is  unique  in  that  it  consists  of  two  identi¬ 
cal  but  independent  linacs  which  are  called  twin-linacs, 
while  in  other  wakefield  accelerators  one  linac  generates 
both  the  driving  and  witness  beams.  Beams  from  one  linac 
excite  wakefields  in  a  plasma,  while  beams  from  the  other 
linac  witness  the  wakefields.  Because  these  two  beams  are 
different  in  their  energies,  they  are  easily  separated  by  a 
bending  magnet.  The  time  interval  between  the  two  beams 
is  controllable  with  an  accuracy  of  ~  1  psec. 

This  paper  consists  of  four  sections.  Following  the  present 
section  of  introduction,  experimental  apparatus,  experimen¬ 
tal  results  with  discussion  and  conclusions  are  described  in 
this  order. 


A  schematic  diagram  of  the  twin  linacs  is  shown  in  Fig.  1. 
Each  linac  can  generate  beams  in  three  schemes;  an  isolated 
single  bunch,  a  476  MHz  bunch  train  or  a  2856  MHz  bunch 
train.  Only  single  isolated  bunches  were  used  in  these 
experiments.  Because  the  two  beams  have  different  energies, 
the  beamlines  were  joined  in  a  configuration  inverse  to  that 
of  an  energy  analyser.  They  consist  of  achromatic  lines  as 
shown  in  Fig.  1,  each  of  which  has  two  dipole  magnets  and 
one  quadrupole  magnet.  The  two  lines  share  one  dipole 
magnet  BM3,  i.e.,  the  two  lines  merge  at  BM3.  Particles 
with  the  design  energy  are  focused  on  the  quadrupole 
magnets  (QM1  and  QM2  in  Fig.  1).  The  off-energy  particles 
are  dispersed  by  the  first  dipoles  (BM1  and  BM2  in  Fig.  1), 
and  focused  again  onto  BM3  by  QM1  and  QM2.  Each  line 
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Fig.  1.  Schematic  diagram  of  the  wakefield  accelerator  and  positions  of 
four  phosphor  screens  SCI  to  SC4. 
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has  three  pairs  of  doublet  quadrupoles  upstream,  enabling 
fine  tuning  of  the  lattice.  The  fringe  angles  of  the  dipoles  are 
designed  so  that  the  /?,  /?'  variables  at  the  entrance  of  the 
BM1  and  BM2  are  transposed  as  /?,  —  /?'  at  the  exit  of  the 
BM3.  This  configuration  transports  the  entire  drive  beam 
into  the  test  region  without  loss  due  to  energy  dispersion.  It 
is  also  possible  to  introduce  witness  beams  with  good 
energy  resolution  by  inserting  a  vertical  slit  at  the  position 
of  the  quadrupole  magnet. 

Plasmas  are  produced  in  a  chamber  with  0.3  m  diameter 

and  1  m  length  by  pulse  discharges  between  four  lumps  of 

LaB6  cathodes  and  the  chamber  [8].  The  cathodes  are 

heated  by  a  10V-80A  direct  current  source.  The  discharge 
pulse  has  a  voltage  of  80-120  V,  a  current  of  10-20  A,  a 
duration  of  2  ms  and  a  rate  of  6.25  Hz  equal  to  the  linac 
beam  repetition  rate.  The  multi-dipole  field  of  permanent 
magnets,  1  kG  at  the  inner  surface  of  the  water-cooled 
chamber,  is  applied  to  confine  the  plasma.  The  chamber  is 
evacuated  to  the  order  of  10_7Torr,  and  the  working  gas  of 
1-3  x  10_3Torr  filled  the  chamber  at  the  plasma  pro¬ 
duction.  The  plasma  density  was  controlled  both  by  the  gas 
flow  controller,  the  cathode  temperature  and  the  discharge 
voltage.  The  plasma  density  and  temperature  are  measured 
by  a  Langmuir  probe.  The  plasma  density  distribution  was 
fairly  homogeneous  both  in  longitudinal  and  transverse 
directions. 

To  isolate  the  linacs  from  the  test  section,  we  adopted 
differential  pumping.  Previous  experience  on  plasma  lens 
experiments  informed  us  that  argon  gas  is  quite  harmful  to 
the  ion  pumps  used  in  the  linac  main  ducts  [7].  Nitrogen 
was  therefore  adopted  as  a  working  gas  in  these  experi¬ 
ments.  It  was  found  however  that  the  nitrogen  gas  reacts 
with  the  cathodes  to  shorten  their  lifetime.  Plasmas  with 
relatively  low  density,  1-3  x  lO^cm-3,  were  used  in  these 
experiments. 

A  45°  bending  magnet  at  the  end  of  the  plasma  chamber 
measured  the  beam  energy,  giving  a  displacement  of 
—  55.8keVmm_1.  Four  phosphor  screens,  SCI  through 
SC4,  measured  transverse  profiles,  whose  positions  are  also 
given  in  Fig.  1. 

The  energies  of  the  drive  beams  and  test  beams  were 
26.76  MeV  and  15.98  MeV,  respectively,  and  the  respective 
charges  in  each  bunch  were  300  pC  and  15-30pC.  Vertical 
and  horizontal  beam  sizes  of  the  drive  bunch  at  SCI  are 
1.99  mm  and  0.94  mm,  respectively,  and  those  of  the  test 
bunch  were  0.79  mm  and  0.70  mm.  Transverse  centroids  of 
the  two  beams  coincided  at  SCI,  but  they  differed  0.5  mm 
vertically  and  0.2  mm  horizontally  at  SC2.  Emittance  of  the 
test  bunch,  calculated  from  beam  sizes  at  three  screen  posi¬ 
tions,  were  vertically  0.467  pm  and  horizontally  0.994  pm. 


3.  Experimental  results  and  discussion 

Beam  images  on  SC4  were  observed  as  a  function  of  time 
delay  between  drive  and  test  bunches.  A  remarkable  obser¬ 
vation  is  a  periodical,  horizontal  split  of  the  test  bunch, 
which  is  shown  in  Fig.  2.  Such  an  effect  would  be  expected 
given  the  incomplete  overlap  of  the  two  beams.  The  hori¬ 
zontal  distribution  is  assumed  to  be  sum  of  two  Gaussian 
distributions.  Delay  dependence  of  the  centroids  of  the  two 
components  obtained  by  the  least  square  fit  is  given  in  Fig. 


0.17nsec 


0.23nsec 


Fig.  2.  Typical  images  on  SC4  showing  horizontal  split  of  test  bunches. 


3.  As  for  the  vertical  distribution,  the  mean  and  the  stan¬ 
dard  deviation  are  calculated,  which  are  given  in  Fig.  4  as 
position  and  spread. 

The  delay  dependences  experimentally  obtained  were  fit 
to  the  equation 

f(t)  =  e_,/l[a1  sin  (cot  +  cf)^  +  a2  sin  (2cot  +  $2)]. 

The  sin  2cot  term  is  phenomenological,  included  to  improve 
the  fit.  The  following  are  findings  and  their  interpretations 
in  this  equation. 


delay(nsec) 

Fig.  3.  Delay  dependence  of  the  horizontal  centroid  shift  of  two  com¬ 
ponents. 
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Fig.  4.  Delay  dependence  of  the  vertical  position  and  spread. 


Plasma  frequency:  The  plasma  density  derived  from  the  cu 
value  of  the  delay  dependence  of  the  vertical  position  is 
1.46  x  1011  cm-3.  This  is  quite  consistent  with  the  value 
given  by  the  Langmuir  probe,  1.5  x  1011  cm-3. 

Damping  time  of  plasma  oscillation:  x  should  give  the 
damping  time  of  the  oscillation.  Figure  4  gives  the  damping 
time  of  the  oscillation  in  the  vertical  position  as  3.69  nsec. 
This  is  too  fast  compared  with  the  theoretical  prediction. 
The  previous  experiments  also  gave  the  damping  time 
nearly  equal  to  the  collision  time,  on  the  order  of  psec  [9]. 
This  false  damping  in  the  present  experiments  can  be  attrib¬ 
uted  to  the  heterogeneity  of  the  plasma  density  distribution 
as  following.  The  plasma  density  and  the  resultant  plasma 
frequency  at  the  ends  of  the  plasma  column  is  lower  than 
those  at  the  plasma  center.  The  test  bunches  suffer  from  the 
phase  difference  of  the  plasma  oscillation,  which  becomes 
more  severe  as  the  time  difference  becomes  longer.  The 
phase  difference  tends  to  offset  the  positive  and  negative 
effects  of  the  wakefield  to  decrease  the  amplitude  of  the 
oscillation. 

Let  us  start  from  a  simple  assumption  to  simulate  the 
damping.  The  plasma  density  is  assumed  to  depend  on  the 
distance  z  along  the  beam  axis  as 

n(z )  =  n0[l  —  exp  (z/L)],  0  <  z  <  L0/2. 

It  is  also  assumed  that  the  dependence  is  symmetrical  at  the 
chamber  center  whose  total  length  is  L0 .  We  refer  with  L  to 
the  thickness  of  the  boundary  layer.  The  plasma  oscillation 
caused  by  a  drive  bunch  should  be  given  by  a  simple  rela¬ 
tion: 

/(z,  t)  =  cos  co(z)t, 

where  cu(z)  ~  n(z)1/2.  The  longitudinal  wakefield  experienced 
by  a  test  bunch  is  proportional  to  n(z)  cos  cu(z)t.  The  total 
field  experienced  by  a  test  bunch  with  a  specific  delay  time, 
t,  is  the  integration  along  the  distance, 

CLo/2 

E( t)  ~  2  I  n(z)  cos  [  —  co(z)i]  dr. 

They  are  plotted  as  a  function  of  t  in  Fig.  5  for  two  cases  of 
L0  values,  which  successfully  explains  the  experimental 
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Fig.  5.  Calculated  total  field  experienced  by  a  test  bunch  as  a  function  of 
delay  t.  co0  =  21.9GHz,  L0=  1  m,  L  =  0.1  m,  and  L  =  0.04m. 


results.  The  decay  time  shown  in  the  figure,  3.69  nsec,  corre¬ 
sponds  to  a  thickness  of  ~  0.065  m  in  this  model. 

Acceleration  or  longitudinal  wakefield:  The  horizontal 
positions  on  the  screen  at  the  exit  of  the  energy  analyser  are 
varied  both  by  the  transverse  and  longitudinal  wakefields, 
though  the  vertical  position  is  varied  only  by  the  transverse 
wakefield.  If  we  can  eliminate  the  effects  of  the  transverse 
wakefield,  we  can  obtain  the  energy  changes  due  to  the  lon¬ 
gitudinal  wakefields.  The  Panofski-Wentzel  theorem  permits 
this  elimination  based  on  the  7i/2  difference  between  these 
two  wakefields.  Let  us  forget  the  cos  2cot  term  and  consider 
only  the  sin  (cut  +  (j>i)  term.  The  vertical  position  of  Fig.  4  is 
approximated  as 

sin  (21.96c  -  0.249), 

where  t  is  in  nsec.  The  small  component  of  Fig.  3  is  approx¬ 
imated  as 

sin  (21.15c  -  1.22)  =  sin  (21.15c  -  0.249  -  0.97), 

while  the  large  component  is 

sin  (22.47t  -  0.85)  =  sin  (22.47t  -  0.249  -  0.60). 

The  coefficients  of  t,  21.96,  21.15  and  22.47,  are  regarded  as 
the  same  values.  Using  the  equality 

at  sin  (cut  +  ^j)  +  a,  cos  (cut  +  $j) 

=  (a,2  +  a?)1'2  sin  (cut  +  </>i  +  i/c),  tan  i/c  =  a-Ja^, 

we  can  derive  the  ratio  between  longitudinal  and  transverse 
wakes  ajat  from  the  \p  values.  The  small  component  gives 
01/0,  =  tan  (—0.97)  =— 1.45  while  the  large  component 
gives  —0.684. 

We  can  now  derive  the  maximum  amplitudes  of  longitudi¬ 
nal  wakefields  from  the  horizontal  displacement.  The  small 
component  and  the  large  component  give  62keV  and 
60keV,  respectively.  A  linear  theory  [8]  predicts  the 
maximum  longitudinal  wakefield  as  60.5  keV/m.  The  param¬ 
eters  assumed  in  the  derivation  are  plasma  density  np  =  1.5 
x  101 1  cm~3,  transverse  beam  size  oz  —  2  mm,  longitudinal 
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beam  size  az  -  3  mm  and  charge  of  a  bunch  200  pC.  This  is 
consistent  with  the  experimental  results. 

4.  Conclusion 

Plasma  wakefield  acceleration  experiments  were  conducted 
on  a  collinear  wakefield  test  facility.  Beam  images  were 
observed  as  a  function  of  time  delay  between  drive  and  test 
bunches  at  the  end  of  an  energy  analyser.  A  periodic,  hori¬ 
zontal  split  of  the  test  bunch  was  observed.  The  plasma 
oscillation  period  was  consistent  with  the  plasma  density 
measured  by  a  Langmuir  probe.  However,  a  2«p  component 
also  appeared  in  the  oscillation.  The  plasma  oscillation 

decayed  with  a  very  short  time  constant;  a  few  nsec,  which 
can  be  attributed  to  the  plasma  heterogeneity.  The  horizon¬ 
tal  displacement  is  caused  both  transverse  and  longitudinal 
wakefields.  Separating  the  two  effects  using  the  Panofski- 
Wenzel  theorem,  we  found  that  the  energy  change  caused  by 


the  longitudinal  field  was  consistent  with  the  predictions  of 
linear  theory. 
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Abstract 

Multi-dimensional  equations  for  the  plasma  wakefields  in  the  presence  of 
an  intense  coherent  electromagnetic  wave  in  magnetized  plasmas  are 
derived.  For  a  given  electromagnetic  wave  envelope,  the  axial  electric  fields 
of  plasma  waves  are  obtained  for  a  one-dimensional  model  problem  in 
which  all  the  waves  are  aligned  either  along  or  across  the  magnetic  field 
lines.  It  is  found  that  the  presence  of  an  external  magnetic  field  can  signifi¬ 
cantly  enhance  the  strength  of  the  plasma  wakefields  when  the  magnetic 
field  aligned  right-hand  circularly  polarized  electromagnetic  (CPEM)  wave 
or  transversely  propagating  O-mode  radiation  is  used  for  the  excitation 
purposes. 

1.  Introduction 

The  development  of  charged  particle  acceleration  tech¬ 
nology  is  very  essential  because  a  conventional  accelerating 
structure  is  not  capable  of  producing  a  gradient  much 
higher  than  lOOMeV/m.  Therefore,  it  is  highly  desirable  to 
look  for  alternative  practical  schemes  which  could  yield 
higher  accelerating  gradients. 

It  is  widely  thought  that  plasma-based  accelerators  can 
provide  a  breakthrough  for  the  next  generation  of  charged 
particle  acceleration  to  ultrahigh  energies  within  a  compact 
space.  A  plasma-based  accelerator  concept  is  a  promising 
collective  acceleration  scheme,  which  makes  use  of  exciting 
highly  relativistic  phase  velocity  large  amplitude  electro¬ 
static  waves  in  plasmas.  The  latter  could  support  orders  of 
magnitude  higher  accelerating  field  gradients  than  conven¬ 
tional  accelerators  can  produce. 

The  excitation  of  electron  plasma  waves  can  be  accom¬ 
plished  by  a  number  of  schemes  including  a  plasma  beat- 
wave  accelerator  [1]  (PBWA),  a  plasma  wakefield 
accelerator  [2]  (PWFA),  and  a  laser-wakefield  accelerator 
[3]  (LWFA).  In  the  PBWA  scheme,  a  large  amplitude 
plasma  wave  is  resonantly  excited  by  the  beats  of  two  rela¬ 
tively  low  power,  long  pulse  laser  beams  with  a  frequency 
difference  equal  to  the  electron  plasma  frequency.  The 
PBWA  utilizes  a  low  energy,  high  current  bunched  rela¬ 
tivistic  electron  beam  as  a  driver  travelling  through  the 
plasma  in  which  the  longitudinal  wave  is  left  behind  the 
electron  bunch.  In  the  LWFA,  a  short,  intense,  single¬ 
frequency  laser  pulse  produces  plasma  wakefields  as  it  pro¬ 
pagates  through  the  plasma.  In  all  these  three  schemes,  a 
trailing  bunch  of  electrons  can  be  injected  into  accelerating 
phase  of  the  excited  plasma  waves,  so  that  the  energy  can  be 
transferred  from  the  plasma  wave  to  the  electrons.  A  com¬ 
prehensive  review  of  high  energy  laser  plasma  accelerators 
has  been  presented  by  Tajima  [4].  Some  recent  laboratory 
experiments  have  conclusively  demonstrated  the  feasibility 
of  charged  particle  acceleration  by  the  process  of  PBWA  [5, 
6]  and  PWFA  [7,  8]. 

The  LWFA  is  attractive  because  recent  technology  has 
made  possible  the  generation  of  picosecond  laser  pulses 
having  intensities  of  1018W/cm2  and  beyond.  Such  intense 


laser  pulses  could  produce  the  accelerating  field  whose  mag¬ 
nitude  is  of  the  order  of  30GV/m.  Many  theoretical  investi¬ 
gations  [9-13]  have  presented  the  profiles  of  wakefields  in 
the  presence  of  ultra-short  intense  laser  pulses  in  an 
unmagnetized  plasma. 

In  this  paper,  we  present  an  investigation  [14]  of  the  elec¬ 
trostatic  plasma  wave  generation  by  a  large  amplitude 
coherent  electromagnetic  wave  in  electron-ion  as  well  as 
electron-positron  plasmas  embedded  in  an  external  mag¬ 
netic  field.  It  is  found  that  the  guide  magnetic  field  can 
enhance  the  maximum  electric  field  gradient  of  the  wake- 
field. 

The  manuscript  is  organized  as  follows:  In  Section  2,  we 
present  the  two-field  description  of  multi-dimensional 
plasma  waves  in  the  presence  of  the  ponderomotive  force  of 
magnetic  field-aligned  CPEM  waves  in  magnetized  plasmas. 
The  contributions  of  space  and  time  derivative  ponder¬ 
omotive  forces  are  incorporated.  In  Section  3,  we  calculate 
the  profile  and  the  maximum  potential  of  the  wakefields  for 
a  model  problem  in  which  all  the  waves  are  aligned  along 
the  magnetic  field  lines.  In  Section  4,  we  consider  the  gener¬ 
ation  of  upper-hybrid  wakefields  by  an  ordinary  mode  radi¬ 
ation  propagating  across  the  magnetic  field  lines.  Our 
results  are  summarized  in  Section  5. 

2.  Wakefield  generation  by  CPEM  waves 

We  consider  the  nonlinear  propagation  of  a  large  amplitude 
right-hand  circularly  polarized  electromagnetic  wave  in  an 
electron-ion  (or  an  electron-positron)  plasma  embedded  in 
an  external  magnetic  field  B0t  The  electric  field  of  the 
electromagnetic  wave  is  of  the  form  E  =  E(x  +  ip) 
exp  (i k  •  r  —  i cot)  +  compl.  conj.  For  electromagnetic  wave 
propagation  along  B0z,  the  frequency  co  and  the  wave 
vector  k  -  zk  are  related  by  the  dispersion  relation 

ct)2  =  k2c2  +  £  “pjri)/(ft)  +  cocj),  (1) 

j  =  e,  i(p) 

where  a>pj  =  (47rnJ^2/mJ)1/2  and  cocj  =  qj  B0/nij  c  are  the 
plasma  and  gyrofrequencies,  tij,  qj  and  m,-  are,  respectively, 
the  number  density,  the  charge,  and  the  mass  of  the  particle 
specie  j  (equals  e  for  electrons  and  p  for  positrons),  and  c 
is  the  speed  of  light.  We  note  that  eq.  (1)  is  valid  for 
|  co  +  cocj  |  P  kvtj,  where  vtj  =  ( Tj/rtij )1/2  is  the  thermal  veloc¬ 
ity  and  Tj  is  the  temperature,  and  it  does  not  hold  when  the 
wave  frequency  is  very  close  to  the  electron  gyrofrequency. 
Furthermore,  in  an  electron-positron  plasma,  me  =  mp  s  m 
and  qe  =  -qp=  —e,  where  e  is  the  magnitude  of  the  elec¬ 
tron  charge. 

The  nonlinear  interaction  between  circularly  polarized 
electromagnetic  waves  and  the  background  plasma  can  give 
rise  to  an  envelope  of  high-frequency  waves.  The  ponder¬ 
omotive  force  of  the  latter  can  excite  multi-dimensional 
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plasma  waves  whose  dynamics  is  governed  by 
8,  rij  i  +  nJ0  V  •  vJ±  +  nj0dz  vJz  =  0, 

(8?  +  co?j)vjl  =  -^dtV±(<t>  +  <PpJ) 

+  ^  COcJ  z\(<f>  +  (f>„j), 
mJ 

8,vJz=  dj<t>-Fjz , 


V2</>  =  -4n  X  qjtij,  (5) 

J 

where  nJl(=  n}  —  n0  <£  n0)  is  the  number  density  pertur¬ 
bation,  n0  is  the  unperturbed  particle  number  density,  Vj  is 
the  fluid  velocity,  <f>  is  the  ambipolar  potential  associated 
with  plasma  slow  motions.  For  right-hand  CPEM  waves, 
the  perpendicular  (to  B0  £)  component  of  the  ponderomotive 
potential  is 

rpj  /  .  ,2  9  (6) 

m/co  +  cocjy 

whereas  the  parallel  component  of  the  ponderomotive  force 
reads  [15] 

F  =[\  .  kwa  q?\E\2 

jz  [z  + co(co  +  cocJ)8t\m2co(co  +  cocjy  (7) 

The  second  term  on  the  right-hand  side  of  eq.  (7)  is  the  time 
derivative  of  the  radiation  pressure  associated  with  CPEM 
waves  in  magnetized  plasmas. 

First,  we  derive  the  relevant  equation  for  the  right-hand 
CPEM  wave  driven  electron  plasma  waves  in  magnetized 
plasmas  with  fixed  ion  background.  Thus,  combining  eqs 
(2)-(4)  we  obtain 


•  cocJ)  ‘J  mj  co(c 


(8?  +  co?)8?Ne  =  ^  1(8?  +  co?)8?  +  8?V\ ]«/- 
tn„ 


-<dc  1  xj  m?co(co  -  o)cY 


where  Ne  —  ncl/n0,  coc  =  eB0/mec  and  cu2  =  k2c2  +  <u2a ;/ 
(co  —  cuc)  with  to2  =  47cn0  e2/me .  On  using  Poisson’s  equa¬ 
tion  (5),  we  can  write  eq.  (8)  as 

1(8?  +  co?\8?V2  +  co?  8 1)  +  cu2  8?V2y\4> 


co  ecu2 1  El2 

+ - 8?  V?  > - e-1— 1 — .  (9) 

co  —  coc  J  mc  co(co  —  coc) 

Equation  (9)  describes  the  generation  of  multi-dimensional 
electron  plasma  waves  by  the  envelopes  of  right-hand 
CPEM  waves.  For  the  plasma  wave  propagation  along  the 
guide  magnetic  field  B0  z,  eq.  (9)  reduces  to 


(8?  +  co?)8z  cf>  =  8Z 
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\  8< 

-  wc)  J  mz 


eco?\E\2 
.  co(co  —  COc)' 


It  is  instructive  to  mention  that  (9)  and  (10)  with  cuc  =  —  cuc 
also  hold  for  the  left-hand  circularly  polarized  electromag¬ 
netic  wave. 

Next,  we  focus  our  attention  on  the  generation  of  multi¬ 
dimensional  plasma  waves  by  intense  circularly  polarized 
EM  waves  in  an  electron-positron  plasma  in  which  there  is 
no  distinction  between  the  right-  and  left-hand  polarization. 
Here,  the  relevant  driven  plasma  wave  equation,  which  is 
derived  from  eqs.  (2)-(5),  is  of  the  form 

1(8?  +  oo?\8?  V2  +  2c0p  8?)  +  2co2  8?  V2]<£ 

L,  fca)2  +  w2 

k—~ — y 

(.  L  coco2  -  CO? 


0)2  V2  ,21  2eco2p\E\2coc 
—  co?  1  '  J  mc(co2  —  co?)co  ’ 


where  co2  =  k2c2  +  2<u2  co2/(co2  —  co?).  It  is  of  interest  to 
note  that  for  B0  =  0  the  right-hand  side  of  eq.  (11)  vanishes. 
Clearly,  nonthermal  plasma  waves  in  an  electron-positron 
plasma  can  be  generated  by  CPEM  waves  only  when  an 
external  magnetic  field  is  present.  When  all  the  waves  are 
aligned  along  the  external  magnetic  fields,  eq.  (1 1)  reduces  to 

(8?  +  HP.  *  =  U,-~  ^4  8,1  2!l 1  £  |2“‘  ■  (12) 

L  co  co2  —  co?  J  mc(co2  —  co?)co 

which  governs  the  generation  of  electrostatic  plasma  waves 
in  magnetized  electron-positron  plasmas. 

3.  Wakefield  profiles  in  the  presence  of  CPEM  waves 

In  order  to  show  the  influence  of  the  external  magnetic  field 
on  the  CPEM  driven  plasma  wave  potentials,  we  consider  a 
.  model  problem  of  wave  propagation  along  the  guide  mag¬ 
netic  field.  We  assume  the  excitation  process  to  be  station¬ 
ary  in  the  frame  moving  with  the  group  velocity  (  =  zvj  of 
the  CPEM  waves.  Thus,  in  a  new  frame  £  =  z  —  uge  t,  eq. 
(10)  becomes 

(82  +  k?)<p  =  [l  +  -fplE]\2,  (13) 

L  co(co  -  <uc)J  me  co(co  -  coc)v?c 

where  kt  =  cop/vgt  and  vgc  =  kc2/[co  +  cuc  cu2/2(cu  -  cuc)2]. 

Similarly,  in  an  electron-positron  plasma,  we  can  write  eq. 
(12)  in  the  stationary  frame  t?  =  z  —  vgp  t  as 

M2  ^  k2)(j)  _  (m2  ±  Q>c)l  _2eco2p\E\2coc 


(3?  +  *^  =  1+^Pj- 
L  to  (co 

where  kp  =  j2cop/v„ 
(co2  -  co?)2l 
A  solution  of  eq.  (13)  is 


oj2)J  me(co2  -  co?)cov?p 
nd  vgp  =  kc2/[co  +  2  co?  co?/ 


1  co(co  —  <uc)J  mc  co(co  —  <uc) 

x|0|£|2(Osin[ke(^-^]d^,  (15) 

where  the  boundary  conditions,  <?>  =  8<f>/8£  =  0  at  £  =  0 
have  been  used.  • 

For  an  electron-positron  plasma,  a  solution  of  eq.  (14)  is 

a  =  k  Tl  +  ^  {C°2  +  eft)c 

pl  co  (cu2  —  co?) J  mt(co2  —  co?)co 


\E\2(?)  sin  [fep(^-0]  d<T. 


Let  us  suppose  that  short  (compared  with  Ap  =  2 nc/cop) 
CPEM  pulse  envelope  is  given  by  E  =  E0  sin  (n£/L)  for 
— L  ^  £  s?;  0  and  E  =  0  otherwise  [11],  where  L  is  the  pulse 
length.  Hence,  eq.  (15)  yields 


4>e  ~  C* 

|Eol2  f,  1 

4  {  (k2  -  An2 /I2) 

X 

r  4ti2  i 

k2  cos  (2k£/L)  —  cos  (ke 

}■ 

(17) 

where 

Ce  =  [1  +  kvge  oc/(o{(o  -  a>c2e/meoj{oj  -  coc). 

For 

L  <?  /„ ,  eq.  (17)  gives  </>c  -  (CJ8Xke  E0)2g(Q),  where 
g(£)  =  C  ~  2(L/27r)2[l  -  cos  (2n^/Lj].  The  functional  g(£) 
maximizes  at  t,  —  L.  Thus,  the  maximum  value  of  the  poten¬ 
tial  is 


<t>cm  *  (Ce/8XfceL£0)2- 


(18) 


Comparing  eq.  (18)  with  the  wakefield  potential  (</>0)  in  an 
unmagnetized  plasma  [11],  we  find  that  the  two  are  in  the 
ratio  <t>eJ<t> o  «  //e,  where 


’•-S[14-7^rT^]rLr  091 

where  </>0  =  (e/8me  a>2)(2nLE0/Ap)2,  X  =  col/co2,  Y  =  cojco, 
and  vjc  =  [1  -  X/(l  -  7)]1/2/[  1  +  XY/ 2(1  -  Y)2]. 

In  a  magnetized  electron-positron  plasma,  eq.  (16)  gives 


(pp  —  (Cp/8X^P  E0)2g(£,\  (20) 

where  Cp  =  [1  +  kvgp(a>2  +  co2)/co(co2  -  w2  j]eojJmc  (o(co2 
-  o)2 ).  The  maximum  value  of  < pp  is 

</>Pm  —  (Cp/8Xkp  L£0)2  =  (21) 


where 


2X  V/2  1  +  F2  T 
1  -  Y2)  l-Y2  c  Jl-T2’ 


(22) 


and  vjc  =  [1  -  X/(\  -  Y2)]1/2/[l  +  2*y2/(l  -  T2)2]. 

We  have  numerically  examined  the  variation  of  rjc  and  rjp 
against  Y  for  a  fixed  value  of  X  =  10~4.  The  results  are 
depicted  in  Figs  1-3.  It  is  seen  from  Figs  1  and  2  that  rje 
increases  (decreases)  for  the  right-hand  (the  left-hand) 
CPEM  wave  with  the  increase  of  coc .  On  the  other  hand, 
Fig.  3  exhibits  the  enhancement  of  wakefields  in  magnetized 
electron-positron  plasmas.  Clearly,  the  magnetic  field  has  a 


Y 

Fig.  1.  vs.  Y  for  X  =  10-4  and  the  right-hand  circularly  polarized  EM 
wave. 


Laser  Wakefield  Generation  in  Magnetized  Plasmas  75 


eta_e 


Y 


Fig.  2.  vs.  Y  for  X  =  10'4  and  the  left-hand  circularly  polarized  EM 
wave. 

substantial  influence  on  the  maximum  potential  of  the 
wakefields  that  are  excited  by  the  right-hand  circularly  pol¬ 
arized  electromagnetic  waves  propagating  along  the  exter¬ 
nal  magnetic  field. 


4.  Wakefield  generation  by  an  ordinary  mode  radiation 

In  this  section,  as  an  illustration,  we  consider  the  generation 
of  transversely  (to  B0z )  propagating  upper-hybrid  wake¬ 
fields  by  a  large  amplitude  ordinary  (O)  mode  radiation  in 
electron-ion  plasmas  embedded  in  an  external  magnetic 
field.  The  extension  of  our  work  to  multi-dimensional  situ¬ 
ation  is  straightforward. 

The  ordinary  electromagnetic  wave  is  characterized  by 
the  alignment  of  the  wave  electric  field  in  the  direction  of 
the  equilibrium  magnetic  field  B0  z.  The  wave  magnetic  field 
will  then  be  in  the  y  direction.  For  purely  perpendicular 
propagation,  the  linear  dispersion  relation  for  the  O-mode 
in  a  cold  plasma  model  is  given  by 

cu2  =  k2c2  +  <.  (23) 

where  k  ^  kx  is  the  wave  vector.  It  follows  that  the  wave 
does  not  contain  resonance  and  does  not  even  involve  B0 


eta_p 


1 


Fig.  3.  rip  vs.  Y  for  X  =  10”4.  We  note  that  there  is  no  distinction  between 
the  right-  and  left-hand  circularly  polarized  electromagnetic  waves  in  mag¬ 
netized  electron-positron  plasmas. 
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explicitly.  This  happens  because  the  O-mode  electric  field  is 
polarized  along  B0  z- 

The  upper-hybrid  wakefield  in  an  electron-ion  plasma  is 
produced  by  the  nonlinear  Lorentz  force.  By  combining  the 
electron  continuity  and  momentum  equations  with 
Poisson’s  equation,  we  readily  obtain  [16] 


(5, 2  +  o^)(p  = 


(24) 


where  coH  =  (a)2  +  <y2)1/2  is  the  upper-hybrid  resonance  fre¬ 

quency  and  £z  is  the  magnetic  field  aligned  electric  field  of 

the  O-mode  radiation. 


Thus,  in  a  new  frame  £  =  x  —  vg0t,  eq.  (24)  becomes 


(5?  +  k2)cf>  = 


e 

4w2t>20  mc 


(25) 


where  ku  =  and  vg0  =  kc2/a>.  The  structure  of  (25)  is 

similar  to  (13).  Therefore,  for  a  given  pulse  envelope  of  the 
form  —  Ezo  sin  (n£/L)  for  L  ^  ^  0  and  Ez  =  0  other¬ 

wise,  the  maximum  value  of  the  upper-hybrid  wakefield 
potential  is 


,  cog  L2 
~  32co2vg0 


(26) 


It  follows  that  for  coc  >  <wp,  the  maximum  gradient  of  the 
upper-hybrid  wakefield  is  rather  pronounced. 

The  upper-hybrid  Wakefields  can  also  be  generated  in  a 
magnetized  electron-positron  plasma.  For  this  case,  (25)  and 
(26)  remain  valid,  but  w2  has  to  be  defined  as  &nn0e2/me, 
which  is  the  sum  of  the  squared  electron  and  positron 
plasma  frequencies. 

The  study  of  multi-dimensional  wakefield  generation  by 
an  intense  extra-ordinary  electromagnetic  mode  is  under 
consideration  and  the  results  shall  be  presented  elsewhere. 


5.  Discussion  and  conclusions 

In  this  paper,  we  have  considered  the  generation  of  wake- 
fields  by  a  single  frequency,  intense  electromagnetic  wave  in 
magnetized  plasmas.  We  have  derived  three-dimensional 
plasma  wave  equations  in  the  presence  of  CPEM  waves  in 
an  external  magnetic  field.  Here,  two  cases  have  been 
explored.  The  first  case  deals  with  the  excitation  of  electro¬ 
static  plasma  waves  in  plasmas  with  fixed  ion  background, 
whereas  the  second  one  focuses  on  the  generation  of  plasma 


waves  in  an  electron-positron  plasma.  For  both  cases, 
choosing  the  CPEM  pulse  profile,  we  have  obtained  expres¬ 
sions  for  the  magnetic  field-aligned  Wakefields.  It  is  found 
that  the  strength  of  the  latter  is  considerably  enhanced  in 
the  presence  of  right-hand  CPEM  waves  whose  frequency  is 
close  to  the  electron  gyrofrequency.  Furthermore,  we  have 
also  demonstrated  the  possibility  of  upper-hybrid  wakefield 
excitation  by  a  large  amplitude  O-mode  radiation  propagat¬ 
ing  across  the  magnetic  field  lines.  The  electromagnetic 
wave  driven  large  amplitude  Wakefields  can  then  be 
exploited  for  accelerating  electrons  to  very  high  energies  in 
laboratory  and  astrophysical  plasmas. 


Acknowledgements 

The  author  is  grateful  to  Lennart  Stenflo  for  valuable  collaboration  and 
discussions.  He  also  thanks  Andreas  Kopp  for  his  help  in  producing  the 
figures. 

This  work  was  supported  by  the  Commission  of  the  European  Economic 
Community  through  the  SCIENCE  (Twinning  and  operations)  program 
under  contract  No.  SC1-CT92-0773. 


References 

1.  Tajima,  T.  and  Dawson,  J.  M.,  Phys.  Rev.  Lett.  43,  267  (1979). 

2.  Chen,  P.,  Dawson,  J.  M.,  Huff,  R.  W.  and  Katsouleas,  T.,  Phys.  Rev. 
Lett.  54,  693  (1985);  ibid.  55,  1537  (1985). 

3.  Gorbunov,  L.  M.  and  Kirsanov,  V.  I,  Zh.  Eksp.  Teor.  Fiz.  93,  509 
(1987)  [Sov.  Phys.  JETP  66,  290,  (1987)]. 

4.  Tajima,  T.,  Laser  Part.  Beams  3,  351  (1985). 

5.  Kitagawa,  Y.  et  al,  Phys.  Rev.  Lett.  68,  48  (1992). 

6.  Clayton,  C.  E.  et  al,  Phys.  Rev.  Lett.  70,  37  (1993). 

7.  Rosenzweig,  J.  B.  et  al.,  Phys.  Rev.  Lett.  61,  98  (1988). 

8.  Nakanishi,  H.  et  al,  Phys.  Rev.  Lett.  66,  1870  (1990). 

9.  Berezhiani,  V.  I.  and  Murusidze,  I.  G.,  Phys.  Lett.  A148,  338  (1990); 
Physica  Scripta  45,  87  (1992). 

10.  Bulanov,  S.  V.,  Kirsanov,  V.  I.  and  Sakharov,  A.  S.,  Fiz.  Plazmy  16, 
935  (1990)  [Sov.  J.  Plasma  Phys.  16,  543  (1990)]. 

1 1.  Ting,  T.,  Esarey,  E.  and  Sprangle,  P.,  Phys.  Fluids  B2,  1390  (1990). 

12.  Abramyan,  L.  A.,  Litvak,  A.  G.,  Mironov,  V.  A.  and  Sargeev,  A.  M., 
Zh.  Eksp.  Teor.  Fiz.  102,  1816  (1992)  [Sov.  Phys.  JETP  75,  978 
(1992)]. 

13.  Bingham,  R.,  de  Angelis,  U.,  Amin,  M.  R.,  Cairns,  R.  A.  and  McNa¬ 
mara,  B.,  Plasma  Phys.  Control.  Fusion  14,  557  (1992). 

14.  Shukla,  P.  K.,  Phys.  Fluids  5,  3088  (1993). 

15.  Karpman,  V.  I.  and  Washimi,  H.,  J.  Plasma  Phys.  18,  173  (1977); 
Shukla,  P.  K.  and  Stenflo,  L.,  Phys.  Fluids  29,  2479  (1986);  Washimi, 
H„  J.  Phys.  Soc.  Jpn  58,  3960  (1989). 

16.  Shukla,  P.  K.,  Phys.  Fluids  27,  407  (1984). 


Physica  Scripta  T52 


Physica  Scripta.  Vol.  T52,  77-81,  1994 


Plasma  Wakefield  Generation  by  Multiple  Short  Pulses 

D.  A.  Johnson1,  R.  A.  Cairns1,  R.  Bingham2  and  U.  de  Angelis3 

1  School  of  Mathematical  and  Computational  Sciences,  University  of  St.  Andrews,  St.  Andrews,  Fife  KY16  9SS,  UK. 

2  Rutherford  Appleton  Laboratory,  Chilton,  Didcot,  Oxon.  0X11  OQX,  UK. 

3  Department  of  Physical  Sciences,  University  of  Napoli,  Italy 

Received  November  22, 1993;  February  14, 1994 


Abstract 

It  is  shown  that  large  amplitude  Langmuir  waves,  produced  as  a  wake  by 
short  electromagnetic  pulses  in  a  plasma,  can  be  generated  effectively  by  a 
series  of  short  pulses.  The  nonlinear  nature  of  the  Langmuir  waves  means 
that  a  given  total  energy  in  the  electromagnetic  wave  is  much  more  effective 
when  delivered  in  a  series  of  pulses  than  in  a  single  short  pulse.  The  present 
analysis  treats  the  generation  of  the  Langmuir  wave  in  both  electron- 
proton  and  electron-positron-proton  plasmas. 

A  plot  of  phase  trajectories  shows  that  the  correct  phasing  of  the  pulses 
leads  to  a  dramatic  improvement  of  the  wake-field  amplitude.  For 
maximum  amplification,  the  pulse  maximum  of  each  of  the  trailing  pulses 
should  be  spatially  coincident  with  the  minimum  of  the  wake-field  poten¬ 
tial. 


1.  Introduction 

Present  day  linear  electron  accelerators  can  achieve  acceler¬ 
ating  fields  of  the  order  of  a  few  MV/m.  This  technology 
would  require  huge  acceleration  distances  (~  100  km)  to 
produce  particle  energies  of  the  order  of  ITeV,  which  is  the 
next  energy  regime  of  interest  to  particle  physicists  [1-3]. 
The  concept  of  plasma-based  accelerators  has  achieved 
much  attention  in  recent  years  since  plasmas  are  capable  of 
supporting  large  electric  fields  (~100GV/m)  [4].  Hence,  a 
plasma-based  accelerator  would  require  an  acceleration  dis¬ 
tance  of  ~  10m  to  produce  particles  at  ITeV  energies.  Such 
an  accelerator  relies  on  the  generation  of  large  amplitude 
longitudinal  plasma  waves  with  a  phase  velocity  close  to  the 
velocity  of  light.  Several  mechanisms  have  been  proposed 
for  generating  these  waves  in  a  plasma.  The  Plasma  Beat 
Wave  Accelerator  (PBWA)  [5]  drives  the  plasma  wave  by 
the  beating  of  two  electromagnetic  waves.  The  Plasma 
Wakefield  Accelerator  (PWFA)  [4]  scheme  uses  a  bunched 
relativistic  electron  beam  to  drive  the  Langmuir  oscillation 
in  the  plasma.  A  third  scheme,  the  Laser  Wakefield  Acceler¬ 
ator  (LWFA)  [5]  uses  a  single  high  intensity  short  pulse  of 
laser  radiation  to  excite  the  plasma  wave.  Of  these  schemes, 
the  Beat  Wave  Accelerator  has  received  the  most  attention 
[6]. 

Progress  in  laser  technology  in  recent  years  has  made 
compact  terawatt  laser  systems  possible.  These  systems  can 
supply  short  ( ^  1  ps)  pulses  of  high  intensity  (>  1018  W/cm2) 
radiation  with  energies  ~  100J  [7].  At  such  high  intensities, 
the  quiver  velocity  of  electrons  in  the  laser  field  becomes 
relativistic  and  the  interaction  with  a  plasma  is  highly  non¬ 
linear.  The  LWFA  scheme  has  received  attention  recently 
using  laser  intensities  in  this  ultra-high  regime  to  generate 
relativistic  Langmuir  waves  in  a  plasma. 


It  has  been  shown  [8]  that  the  efficiency  of  a  single  short 
laser  pulse  in  generating  a  wake  plasmon  depends  upon  the 
shape  of  the  pulse  envelope  and  the  length  of  the  pulse.  For 
pulses  longer  than  a  plasma  wavelength,  pulse  distortion, 
due  to  the  reaction  of  the  plasma  wave  on  the  pulse,  has 
been  observed  in  simulations. 

In  this  paper  we  present  an  analysis  of  the  interaction  of 
a  train  of  short  laser  pulses  with  an  underdense  plasma.  The 
analysis  shows  that  it  is  possible,  by  phasing  the  laser  pulses 
correctly  with  respect  to  the  plasma  wave,  to  excite  reson¬ 
antly  a  highly  relativistic  plasma  wave  with  correspondingly 
high  field  gradients  in  the  plasma.  This  suggests  that  a  given 
pulse  energy  may  be  used  much  more  effectively  in  a  series 
of  pulses  than  as  a  single  pulse  to  generate  a  wake  plasmon. 
This  is  a  result  of  the  nonlinearity  of  the  plasma  waves,  as 
we  now  show. 

We  base  our  analysis  on  a  well-known  model  [9]  which 
combines  one-fluid,  cold  relativistic  hydrodynamics  with 
Maxwell’s  equations  to  simulate  the  plasma  and  laser  pulse 
respectively.  The  model  employs  the  “quasi-static”  and 
envelope  approximations  to  obtain  a  set  of  two  coupled 
nonlinear  equations  describing  the  self-consistent  evolution 
of  a0 ,  the  vector  potential  of  the  laser  pulse  envelope,  and  <1>, 
the  scalar  potential  of  the  plasma  wake-field. 

We  start  from  the  equation  for  electron  momentum, 

—  +  u  —  =  —e(.E  +  -  ®  x  /A  (1) 

St  z  8z  \  c  ) 

where 

p  =  m0yv,  y  =  (1  +  p2/ml  c2)1/2,  (2) 


£=--7i-:7^  =  Vx/li;  ,  (3) 

c  dt  8z 

in  which  A±  is  the  vector  potential  of  the  electromagnetic 
pulse,  <f>  the  scalar  potential  due  to  charge  separation  in  the 
plasma  and  m0  and  v  are  the  usual  electron  rest  mass  and 
velocity  respectively. 

We  normalise  the  potentials, 


A±  =  fl(z,  t);  -^0  =  <F 
i0  c2  m0  c2 


(4) 


and  split  the  relativistic  y  into  the  product  of  transverse  and 
longitudinal  parts, 


y  =  Ta  T  II 


(5) 
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y.  =  (l  +a2)112;  7|=(1  -P2r112  (6) 

and  ft  =  vjc. 

We  can  now  derive  the  longitudinal  component  of  the 
electron  momentum  equation  and  combine  it  with  the  equa¬ 
tion  of  continuity,  Poisson’s  equation  and  Maxwell’s  wave 
equation  for  the  laser  pulse  to  form  a  1-D  model. 

In  the  envelope  approximation  we  then  assume  a  pulse  of 
the  form 

0  =  k>(&  T)e~w  +  C.C.,  (7) 

where  the  amplitude  function,  a0 ,  is  now  cast  in  the  frame  of 
the  moving  laser  pulse,  6  =  a>0t  -  k0z,  co0  and  kQ  being  the 
central  frequency  and  wave-number,  £  =  z  —  vgt  and  vg  = 
8co0/8k0  is  the  group  velocity,  t  is  a  slow  time-scale  such 
that 

-i  d2a0  2 

ao  (8) 

The  final  equations  for  a0  and  are  obtained  on  applica¬ 

tion  of  the  “quasi-static”  approximation  to  give, 

82<t>  ft>p0 

G,  (91 


+  2cp0 


82a0  c2co2 o  82a0 


02 pO  Ha0 


/?o7||  —  -s/th  —  1  VjtfioVn  -  y/yj  ~  1) 

The  model  is  valid  for  electromagnetic  pulses  of  arbitrary 
polarization  and  intensities  j  a0  \2  ^  1. 

To  simplify  the  theory  we  use  the  approximation  that  the 
group  velocity  of  the  electromagnetic  wave  can  be  taken  to 
be  c,  in  which  case  the  electrostatic  potential  is  generated 
according  to  the  equation 


//=!—■ 


2<I>  1  a>p  f 

¥  =  2  c2  \l 


d£2  2  c2  [(1  +  (D)2  y  y  ’ 

For  a  mixture  of  electrons,  positrons  and  protons  eq.  (12) 
becomes, 


d2o>  _  i  col  f  yj  ry2 

d^2  2  c2  1(1  +  4>)2  (1  —  O)2 


-  (i  -  r)j 


where  T  is  the  positron  to  electron  density  ratio. 

When  a  =  0,  ya  =  1  and  a  first  integral  of  eq.  (12)  is  easily 
found,  namely 

"J  +  TTi  +  0-K'  <14> 

where  K  is  a  constant  and 


fflp  dr 

Similarly  a  first  integral  of  eq.  (13)  can  be  found,  namely 


Fig.  1.  The  trajectories  in  u  —  <t>  space  generated  by  eq.  (14)  for  varying 
values  of  the  constant  K.  When  K  =  1,  the  trajectory  is  a  fixed  point  at  the 
origin  and  as  the  value  of  K  increases,  the  trajectories  become  increasingly 
distorted  from  the  linear  circular  orbits.  Notice  the  bunching  of  the  trajec¬ 
tories  as  the  minimum  value  of  <I>  is  approached. 


The  curves  generated  by  eqs  (14,  16)  are  illustrated  in  Figs  1 
and  2. 

Now  suppose  that  we  can  approximate  a  short  pulse  by  a 
5-function, 

yl  =  1  +  2 AS(C  -  Co),  (17) 

where  A  is  a  positive  number.  The  effect  of  such  a  5-function 
pulse  is  to  produce  an  impulsive  change  in  u,  of  magnitude 


^“(l  +  d))2'  ^ 

If  we  start  from  the  equilibrium  state  <E>  =  u  =  0  and  apply 
such  a  pulse,  then  we  get 

K  =  1  +  A2  (19) 

and  if  A  1,  the  maximum  value  of  is  approximately  A2. 

If,  on  the  other  hand,  we  use  a  series  of  pulses,  each  with 
a  rather  smaller  value  of  A,  we  can  exploit  the  <t>  dependence 
of  the  impulses  given  by  eq.  (18)  and  drive  the  system  each 
time  it  passes  through  a  minimum  value  of  <I>.  In  this  way 
each  successive  pulse  produces  a  larger  jump  in  u  and  there 


1  +  <D  1 


-(1  -r)<D  =  /C0. 


Fig.  2.  The  trajectories  in  u  —  <I>  space  generated  by  eq.  (16),  with  r  =  1, 
for  values  of  the  constant  Kn  from  2  to  10. 
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is  a  rapid  increase  in  the  maximum  value  of  O.  To  show  just 
how  strong  this  effect  can  be,  we  note  that  for  large  K  the 
maximum  and  minimum  values  of  d>  are,  approximately, 

<J\na*  =  K, 

<bmin= -l  +  l/K.  (20) 

If  we  apply  the  impulse  when  the  wave  is  passing  through 
®mi„  >  we  get 

A  u  =  AK2  (21) 

and  the  new  value  of  K  is 

=  A2K 4  +  K-  1+4 
K 

« A2K\  (22) 

if  A  is  of  order  1  and  K  is  large.  Thus,  once  we  get  into  the 
large  K  regime,  there  is  the  potential  for  extremely  rapid 
growth  of  the  electrostatic  wave  amplitude  with  successive 
pulses. 

These  simple  considerations  indicate  how  the  nonlinearity 
of  the  behaviour  of  the  electrostatic  potential  may  be 
exploited  by  using  short  pulses  to  drive  up  the  wave  ampli¬ 
tude  at  a  point  in  its  cycle  where  they  are  very  effective  in 
increasing  the  amplitude. 

We  now  present  some  numerical  results  for  the  wake- 
fields  generated  by  different  combinations  of  short  pulses.  In 
what  follows,  the  laser  pulses  are  defined  by  their  peak 
amplitude,  Gaussian  rise  and  fall  coefficients  and  the  posi¬ 
tion  of  the  peak  in  the  pulse  frame.  The  time  for  the  simula¬ 
tion  is  scaled  in  terms  of  the  plasma  period,  Tp  =  2n/cop0 . 
The  spatial  scale  is  the  plasma  wavelength,  2P  =  2nc/wp0 
and  the  space  coordinate  is  £,  the  position  in  the  frame 
moving  with  the  laser  pulse(s).  The  electric  wake-field  in  the 
plasma  is  plotted  as  the  normalised  quantity  £w  = 
e\E\ / m0  ccop0 .  The  vector  potential,  a,  and  scalar  potential, 
q>,  are  normalised  according  to  their  previous  definitions. 

Figure  3  shows  the  interaction  of  a  single  Gaussian  pulse 
with  an  under-dense  homogeneous  plasma.  The  pulse 
amplitude  and  profile  have  been  chosen  to  represent  a  pulse 
of  sufficient  intensity  to  drive  a  relativistic  Langmuir  wave 
in  the  plasma.  The  wake-field  generated  has  an  amplitude 
£w  =  0.85.  Such  a  wake-field  set  up  in  the  plasma  may  then 
interact  with  a  trailing  particle  beam  or  laser  pulse.  The 
structure  of  the  resultant  wake-field  after  the  second  inter¬ 
action  depends  heavily  on  the  phase  of  the  plasma  wave  at 
the  interaction  site.  This  phase  sensitivity  means  that  the 
second  pulse  may  either  give  energy  to  or  take  energy  from 
the  plasma  wave.  The  case  where  energy  is  transferred  to  the 
trailing  pulse  is  referred  to  as  “Photon  Acceleration”  or 
“Beam  Loading”  and  leads  to  a  frequency  upshifting  of  the 
pulse.  Figure  4  shows  a  sample  output  from  our  numerical 
code  in  which  the  plasma  wake-field  is  partially  cancelled  by 
the  trailing  pulse.  As  our  code  works  in  the  envelope 
approximation,  the  frequency  spread  within  each  pulse 
cannot  be  illustrated.  However,  our  interpretation  of  this 
result  is  that  the  energy  of  the  plasma  oscillation  is  trans¬ 
ferred  to  the  trailing  pulse  in  the  form  of  an  upshifting  of  the 
frequency  spread. 

If  the  energy  from  the  trailing  pulse  is  transferred  to  the 
plasma,  it  drives  a  larger  (and  more  strongly  nonlinear)  lon¬ 
gitudinal  wave.  We  now  give  some  results  to  show  the  effect 


FLLSE  STRJCTLRE  ©:  Tl  ME=  5  968 


Fig.  3.  Simulation  results  showing  the  magnitude  of  the  normalised  vector 
potential  |a0|  (solid  line)  and  wake-electric  field  Ew  (dashed  curve).  The 
spatial  coordinate  is  {  =  r  —  vf  t  normalised  to  the  plasma  wavelength,  2p . 
The  parameter  values  are  |  ag1 1  =  2.0,  cop0!o)0  =  0.05,  t  =  6Tps  Gaussian  rise 
and  fall  coefficients  a  =  nil  x  c/cop0  =  0.25Ap . 

of  splitting  the  energy  of  a  single  pulse  into  multiple  pulses 
to  drive  a  larger  plasma  wave. 

Figure  5  shows  the  case  where  the  energy  of  the  pulse  in 
Fig.  3  is  split  equally  into  two  shorter  pulses.  The  wake-field 
generated  in  the  plasma  is  now  £w  =  2.3,  which  is  a  factor  of 
2.5  times  higher  than  that  generated  in  Fig.  3.  The  accom¬ 
panying  phase  plot  of  u  vs.  <I>,  Fig.  6,  shows  the  structure  as 
predicted  by  our  analysis.  The  leading  pulse  excites  an  oscil¬ 
lation  which,  when  “kicked”  at  the  correct  point  in  its  cycle 
by  the  second  pulse  interaction,  is  amplified.  This  phase 
diagram  shows  that  in  this  case  the  impulse  occurs  at  the 
point  in  the  cycle  where  d>  is  very  close  to  its  minimum 


FLLSE  STRJSTLRE  ®>:  Tl  ME==  &  968 


Fig.  4.  Simulation  results  demonstrating  the  annihilation  of  the  plasma 
wake  structure,  i.e.  Photon  Acceleration,  by  a  trailing  laser  pulse.  For  each 
pulse  |  a'0"  |  =  yi0,  a  =  a/10  x  c/<np0  =  0.052p ,  cop0/a>0  =  0.05  and  t  =  6Tp . 
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Fig.  5.  Simulation  to  illustrate  the  amplification  of  the  electric  wake-field 
when  a  trailing  laser  pulse  is  positioned  such  that  it  interacts  with  the 
plasma  at  the  point  where  the  electrostatic  potential  has  a  minimum. 
Again,  |  a[,"  |  =  ,/K),  a  =  0.052p ,  a >p0/eo0  =  0.05  and  t  =  6Tp . 

value  and  according  to  our  analysis  imparts  the  maximum 
amplification  to  the  wake-field  oscillation. 

The  demonstration  of  this  effect  leads  one  to  ask  whether 
a  whole  train  of  such  pulses  could  be  used  to  excite  plasma 
waves  up  to  the  wave-breaking  limit.  In  a  real  system, 
phasing  such  trains  of  pulses  accurately  is  likely  to  be  a  lim¬ 
iting  factor.  Figure  7  shows  the  effect  of  a  train  of  3  pulses  of 
equal  energy  in  generating  a  wake-field.  The  total  energy  in 
the  three  pulses  is  of  the  order  of  60%  of  the  energy  of  the 
pulse  used  in  Fig.  3.  The  excited  electric  wake-field  has  an 
amplitude  Ew  *  1.15,  which  is  35%  larger  than  the  field  gen¬ 
erated  with  the  single  pulse.  The  phase  diagram,  Fig.  8, 
again  shows  that  the  successive  impulses  to  the  system  are 

Fhase  Trajectori  es  at  current  step 


Fig.  6.  The  corresponding  phase  space  trajectories  for  Fig.  5  which  show 
the  two  impulses  given  to  the  plasma  electron  oscillation.  The  orbits 
excited  are  those  with  K  values  1.7  and  6.3. 


Fig.  7.  Simulation  of  a  train  of  3  identical  pulses,  phased  so  that  each  of 
the  trailing  pulses  interacts  with  the  plasma  electrons  at  the  point  where 
the  electrostaic  potential,  C>,  has  a  local  minimum.  The  parameter  values 
are  |  ajj1 1  =  2.0,  c  =  0.05  Ap ,  top0/a)0  =  0.05  and  t  =  6Tp . 

applied  very  close  to  the  local  minimum  value  of  the  poten¬ 
tial  function,  <5,  where  the  neighbouring  phase  trajectories 
are  bunched  closest  together. 

In  conclusion,  we  have  presented  an  analysis  and  some 
numerical  graphics  to  demonstrate  the  increased  efficiency 
of  using  multiple  laser  pulses  in  the  generation  of  relativistic 
plasma  wake-fields.  The  maximum  wake  amplitude  is 
obtained  when  ultrashort  pulses  are  arranged  in  such  a  way 
that  they  interact  with  the  plasma  electrons  at  the  local 
minimum  of  the  electrostatic  potential  generated  by  the  pre¬ 
ceding  pulse(s).  The  multiple  pulse  scheme  demonstrates 
that  several  short  pulses  is  better  than  one  pulse  with  the 
same  total  energy. 

Fhase  Trajectori  es  at  current  step 


Fig.  8.  The  corresponding  phase  trajectories  for  Fig.  7.  The  orbits  corre¬ 
spond  to  the  approximate  K  values  l£,  and  2\. 
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It  has  been  suggested  previously  [4,  10,  11]  that  multiple 
pulses  might  be  used  and  some  analysis  has  been  carried  out 
[12],  However,  the  novel  phase  plane  analysis  presented 
here  shows  more  clearly  than  eariler  work  just  how  the  non¬ 
linear  structure  of  the  equations  is  such  as  to  make  excita¬ 
tion  by  a  series  of  correctly  placed  pulses  a  very  effective 
way  of  generating  a  high  amplitude  wakefield. 
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Abstract 

We  use  a  1-D  particle-in-cell  simulation  code  to  investigate  the  interaction 
of  a  light  wave  with  a  step  relativistic  ionization  front  in  the  presence  of  an 
applied  D.C.  magnetic  field  either  perpendicular  or  parallel  to  the  incident 
wave.  It  is  seen  that  four  transmitted  waves  are  generated  in  each  case.  The 
frequency  upshifts  and  transmission  coefficients  of  those  transmitted  waves 
are  measured  from  the  simulation  and  compared  to  theoretical  predictions. 
Furthermore,  the  phenomenon  of  a  density  ripple  associated  with  the  free 
streaming  mode  in  the  perpendicular  case  is  also  observed  in  the  simula¬ 
tion,  and  the  modulation  rates  (An/n0)  are  close  to  theoretical  values. 


1.  Introduction 

The  interaction  between  a  relativistic  ionization  front,  i.e.  a 
moving  plasma/gas  boundary,  and  an  electromagnetic  wave 
impinging  upon  it  has  been  investigated  for  the  past  25 
years.  Most  of  this  work  has  been  concerned  with 
unmagnetized  laboratory  plasmas  while  the  interaction  of 
ionization  fronts  in  astrophysical  plasmas  (e.g.  near  pulsars) 
may  occur  in  a  strongly  magnetized  environment.  The  effect 
of  magnetic  fields  on  the  frequency  and  transmission  of  light 
through  ionization  fronts  is  the  subject  of  this  paper. 

In  the  1960’s,  Semenova  [1]  and  in  the  1970’s  Lampc  et 
al.  [2]  showed  that  the  (1  +  /?)/(l  —  /?)  double  Doppler 
upshifts  and  pulse  compressions  that  arise  when  reflecting 
from  a  moving  mirror  also  arise  from  unmagnetized  over- 
dense  ionization  fronts.  In  recent  work  it  has  been  shown 
both  theoretically  [3]  and  experimentally  [4]  that  signifi¬ 
cant  upshifts  and  pulse  compressions  are  also  possible  from 
radiation  impinging  upon  underdense  ionization  fronts.  For 
underdense  fronts  (a>p  <  y(l  +  /3)co0),  the  upshift  factor  of 
the  transmitted  wave  [3]  is  given  by  (1  +  co2/4col)  rather 
than  the  double  Doppler  factor,  where  cop  =  (4nn0e2/me)l/2 
is  the  plasma  frequency  and  co0  is  the  incident  wave  fre¬ 
quency.  If  a  D.C.  magnetic  field  is  present  either  perpendicu¬ 
lar  or  parallel  to  the  front’s  propagation  direction,  it  has 
been  found  [5]  that  additional  transmitted  waves  are  gener¬ 
ated.  The  frequency  upshifts  and  transmission  coefficients 
are  also  altered  due  to  the  D.C.  magnetic  field.  Furthermore, 
for  a  perpendicular  D.C.  magnetic  field,  the  free  streaming 
mode  has  both  a  static  magnetic  field  and  a  density  ripple. 
The  density  ripple  could  be  easier  to  detect  by  using  laser 
scattering  diagnostics  [5], 

In  this  paper  we  briefly  review  the  theoretical  results  of 
Ref.  [5]  and  then  present  1-D  particle-in  cell  simulations  of 
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Fig.  I.  The  geometry  of  an  ionization  front  moving  from  right  to  left 
towards  the  incident  wave.  The  D.C.  magnetic  field  is  in  the  z-dircction  for 
the  perpendicular  case  or  in  the  ar-direction  for  the  parallel  case. 

the  effects  of  an  applied  DC  magnetic  field  on  the  under¬ 
dense  front  interactions.  Simulation  results  are  compared  to 
the  theoretical  predictions  of  Ref.  [5]  and  good  agreement  is 
found.  Four  tranmitted  modes  are  clearly  seen  from  power 
spectrums  in  both  magnetic  field  orientations.  For  the  per¬ 
pendicular  case,  we  also  observe  the  density  ripple  of  the 
free  streaming  mode  and  the  measured  A n/n0  is  very  close  to 
the  theoretical  value. 


2.  Review  of  theoretical  predictions 


We  consider  an  electromagnetic  wave,  linearly  polarized  in 
the  ^-direction,  propagating  in  positive  the  ^-direction 
impinging  upon  an  ionization  front  moving  in  the  opposite 
direction.  This  is  schematically  shown  in  Fig.  1.  A  D.C. 
magnetic  field  B0  is  applied  in  the  z-direction  (for  the  per¬ 
pendicular  case)  or  the  x-direction  (parallel  case).  At  the 
ionization  front  there  are  reflected  and  transmitted  waves. 
The  reflected  wave  has  a  frequency  of  (1  +  p)2y2a>0  x 
4y2a>0.  For  an  unmagnetized  underdense  plasma,  there  is 
only  one  transmitted  wave  and  one  free  streaming  mode. 
The  former  has  a  tunable  frequency  coout  =  co0(l  +  0}2/4(Oq), 
while  the  latter  is  a  spatially  periodic  D.C.  magnetic  field  in 
the  lab  frame  [1-3]. 

The  transmitted  wave  frequencies  can  be  obtained  by 
requiring  continuity  of  phase  between  each  wave  at  the 
front  and  using  the  dispersion  relations  of  each  wave  [5]. 
The  dispersion  relations  in  a  magnetized  plasma  are  [6] 


c2k2 


O) 


=  c  =  1 


cor 


-f  (x-wave) 


(1) 
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and  co  =  0  (the  free  streaming  mode)  for  perpendicular  B0 
and 


for  parallel  B0.  +  refer  to  the  R/L  waves,  respectively; 
col  =  ajp  4-  col  is  the  upper  hybrid  frequency  and  coc  = 
eB0/cme  is  the  electron  cyclotron  frequency.  The  continuity 
of  phase  between  the  incident  wave  (<o0 ,  k0)  and  one  of  the 
upshifted  (or  downshifted)  transmitted  waves  (co,  k)  gives 

(co  +  fick)  =  (co0  +  fck0)  =  (1  +  jS)co0  «  2 co0 , 


or 


co(l  ±  Py/z)  =  (1  +  p)co0 ,  i.e.  —  =  —■ ^  (3) 

"oil  pje 

Substituting  either  eq.  (1)  or  (2)  for  Je  into  Eq.  (3)  pro¬ 
vides  the  frequencies  for  the  transmitted  modes. 


2.1.  Frequency  upshift 

When  the  front  velocity  is  near  the  speed  of  light  (/?  w  1, 
y  >  1),  we  substitute  ck  =  2 co0  —  co  for  eq.  (3)  into  eqs  (1) 
and  (2)  to  obtain 


where  ±  refer  to  the  R/L  waves,  respectively.  Solving  Eq.  (4) 
and  (5),  we  obtain  the  frequencies  of  the  transmitted  waves. 
We  have  previously  shown  [5]  that  there  are  four  solutions 
in  either  case.  In  the  perpendicular  case,  they  are  denoted  as 
Xj,  X2 ,  X3 ,  and  Xs ,  where  Xs  represents  the  free  streaming 
mode.  In  the  parallel  case,  the  four  waves  are  denoted  as  R1; 
R2 ,  L1;  and  L2 .  The  former  two  modes  are  the  R-waves  in  a 
magnetized  plasma,  while  the  latter  two  modes  are  L-waves 
[6],  It  is  also  found  [3],  [5]  that  the  group  velocities  of 
some  transmitted  modes  could  be  negative  (i.e.  the  wave 
follows  the  front  to  the  left).  For  example,  the  X,  wave  has  a 
negative  phase  and  group  velocity  as  long  as  (1  +  P)co0  x 
2co0  <  coR ,  while  the  X2  wave  has  a  negative  group  velocity 
when  2co0  <  coL ,  where  cuR  and  coL  are  defined  as : 


toR1  «  u>Ibo=o  +  for  Rt  mode, 
where  co  |Bo=0  =  co0  +  co2J4co0 . 


(6) 

(7) 


2.2.  T ransmission  coefficients 

The  reflection  and  transmission  coefficients  can  be  obtained 
by  matching  boundary  conditions  at  the  moving  front.  The 
common  boundary  conditions  are  that  E  tangential,  E 
normal  and  B  tangential  are  continuous  in  the  absence  of 
surface  charge  and  current  densities.  In  addition,  /  tangen¬ 
tial  and  p  are  zero  at  the  boundary  because  electrons  and 
ions  are  born  at  rest.  These  provide  two  additional  bound¬ 
ary  conditions  (from  Faraday’s  law  and  Gauss’  law).  There¬ 
fore  the  boundary  conditions  for  the  system  geometry  are 
the  continuity  of  (1)  Ey,  (2)  Bz,  (3)  Ex,  (4)  dEJc  dt  +  SBJdx 
(  =  0)  and  (5)  dEJdx  (=0).  For  the  parallel  case  the  incident 
wave  can  be  decomposed  into  right  and  left  circularly  pol¬ 
arized  waves.  Each  polarization  interacts  separately.  In  each 
case  only  three  boundary  conditions  actually  exist  ((1),  (2), 
and  (4))  because  Ex  vanishes  everywhere.  Therefore,  besides 
the  incident  R  or  L  wave  only  three  waves  are  excited.  The 
reflection  and  transmission  coefficients  are  defined  as 


where  “r”  denotes  the  reflection  coefficient  and  is  approx¬ 
imately  zero  for  most  underdense  cases.  ut”  and  “t2”  denote 
the  transmission  coefficients  for  Rj  mode  and  R2  mode, 
respectively.  “t2”  is  defined  in  term  of  magnetic  field  because 
R2  and  L2  waves  degenerate  to  the  free  streaming  mode  as 
the  D.C.  magnetic  field  is  turned  off. 

For  the  perpendicular  case  all  five  boundary  conditions 
are  required  and  therefore  six  waves  exist  (i.e.  incident, 
reflected,  three  transmitted  modes,  and  a  free  streaming 
mode).  The  reflection  and  transmission  coefficients  in  the 
lab  frame  are  defined  in  a  similar  way  as 


___  y(transmitted) 

“  £  5 
^(incident) 


for  i  =  1,  2,  3 


B 

_  Z(streaming) 


Again,  “r”  goes  to  zero  in  most  underdense  cases  and  “£s”  is 
defined  as  the  ratio  of  magnetic  field  to  incident  electric  field 
because  the  Ey  component  of  this  mode  vanishes  in  the  lab 
frame.  Solutions  for  Eqs.  (8)  and  (9)  are  given  in  Ref.  [5], 


2.3.  Density  ripple  in  the  perpendicular  case 
Although  the  free  streaming  mode  {co  =  0)  has  been  known 
for  a  long  time,  it  has  never  been  detected  in  a  laboratory 
experiment  for  two  reasons.  First,  a  stationary  plasma 
driven  at  frequency  co  responds  at  various  k-values  but  all  at 
the  same  frequency  co.  Thus  the  co  =  0  mode  is  not  excited. 
Second,  the  mode  is  difficult  to  detect  (it  has  zero  group 
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velocity  and  remains  in  the  plasma).  However,  recently  it 
was  shown  [5]  that  a  static  density  modulation  associated 
with  this  mode  can  be  generated  in  the  plasma  when  a  per¬ 
pendicular  D.C.  magnetic  field  is  applied.  This  may  enable 
detection  by  laser  scattering  in  a  laboratory  plasma.  The 
size  of  the  density  modulation  can  be  estimated  from  Gauss’ 
law 


V  •  E  =  4np  =  —  4jre  An.  (10) 

This  gives 


An 

»0 


K 

4nen0 


I  Ex\, 


(11) 


where  ks  is  the  wave  number  of  the  free  streaming  mode  and 
is  approximately  equal  to  2k0;  Ex  is  the  longitudinal  electri¬ 
cal  field  of  this  mode  and  can  be  obtained  as  follows;  Since 
AVJAt  =  0  =  —e/m(Ex  +  VyB0/c),  Ex  =  VyB0/c.  Vy  follows 
from  Ampere’s  law:  VxBs  =  (4n/c)Js  or  i ksBs  =  4 nn0eVy/c. 
Substituting  this  expression  for  Vy  and  Ex  into  eq.  (11)  gives: 


where  Bs  =  Its  by  definition;  /  is  the  incident  wave  ampli¬ 
tude  and  ts  is  the  transmission  coefficient  for  the  free  stream¬ 
ing  mode. 


XX 

Fig.  2a,  b.  The  spatial  power  spectrums  of  Ex  and  Ey  for  the  perpendicular 
case.  wjwy  =  1,  y  =  1000. 


3.  Simulation  results 

We  use  the  particle-in  cell  code  WAVE  in  1-3/2D  (one 
spatial  and  three  velocity  components)  to  confirm  the  above 
analysis.  In  our  simulations,  the  incident  wave,  linearly  pol¬ 
arized  in  the  ^-direction,  has  a  frequency  of  co0  =  0.25cup 
and  an  amplitude  of  1.2  ma)0c/e.  The  front  moves  from  right 
to  left  towards  the  incident  wave  with  fi  =  0.9999,  as  shown 
in  Fig.  1.  The  D.C.  magnetic  field  is  in  the  z-direction  for  the 
perpendicular  case  or  in  the  jc-direction  for  the  parallel  case. 

In  Figs  2-5  we  plot  results  from  simulations  for  the  per¬ 
pendicular  case  with  coc  =  cop .  The  spatial  power  spectrums 
of  Ex  and  Ey  are  plotted  in  Fig.  2(a)  and  2(b),  respectively. 
These  plots  reveal  clearly  that  four  modes  are  generated  in 
the  plasma.  (The  other  two  modes-incident  and  reflected- 
exist  ahead  of  the  front  in  vacuum).  The  XI,  X2,  and  X3 
modes  have  both  Ex  and  Ey  components  while  the  free 
streaming  mode  only  has  an  Ex  component.  Unlike  the 
unmagnetized  case,  where  the  upshifted  radiation  piles  up 
immediately  behind  the  front  [3],  in  this  case  the  transmit¬ 
ted  radiation  is  spread  out  behind  the  front  because  of  the 
disparate  group  velocities  of  each  mode.  This  is  shown  in 
Fig.  3  where  the  Ex  and  Ey  fields  are  plotted  at  the  instant 
the  front  has  reached  the  left  hand  boundary.  To  compare 
with  theory,  we  plot  in  Fig.  4  the  frequency  shifts  and  trans¬ 
mission  coefficients  obtained  from  simulations  in  which 
cojiop  was  varied.  The  solid  lines  are  the  theoretical  curves 
from  Eqs.  (3),  (4)  and  Ref.  [5]  and  the  dots  are  simulation 
results. 

In  Fig.  5  we  plot  the  spatial  electron  density  spectrum.  At 
k  =  ks  =  2 k0 ,  there  is  a  peak,  which  is  the  evidence  of 
density  ripple  for  the  free  streaming  mode.  For  coc  =  a>p,  the 
theoretically  predicted  value  for  A n/n0  is  4.2  •  10  ~ 3  which  is 
very  close  to  the  simulation.  In  Fig.  6  we  present  results 
from  the  parallel  case.  We  found  four  transmitted  waves 


excited  behind  the  front  by  a  linearly  polarized  incident 
wave,  two  for  R-waves  and  the  other  two  for  L-waves.  In 
contrast  to  the  perpendicular  case,  the  Ey  component  of  the 
incident  wave  couple  to  Ey  and  E. ,  instead  of  Ey  and  Ex . 
The  free  streaming  mode  and  the  static  density  ripple  associ¬ 
ated  with  it  disappear.  In  Figs.  6(a)  and  6(b)  the  frequency 
upshifts  and  transmission  coefficients  vs.  (oJ(op  are  plotted. 
Once  again  excellent  agreement  is  obtained  between  theory 
and  simulation. 


Fig.  3a,  b.  The  Ex  and  Ey  components  of  transmitted  waves  behind  the 
front  at  the  instant  the  front  has  reached  the  left  hand  boundary. 
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Fig.  4a.  Frequency  upshift  ratios  in  a  perpendicular  D.C.  magnetic  field  as  Fig.  6a.  Frequency  upshift  ratios  in  a  parallel  D.C.  magnetic  field  as  a 
a  function  of  a>Jiop .  The  solid  curves  are  theoretical  predictions  and  the  function  of  coJa>p .  The  solid  curves  are  theoretical  predictions  and  the  dots 
dots  are  simulation  results  a)0/cop  =  0.25,  y  =  1000.  are  simulation  results  w0/cop  =  0.25,  y  =  1000. 


(0c/(0p 

Fig.  4b.  The  transmission  coefficients  for  the  three  XO  waves  (|f,|,  1 12 1, 
|f3|)  and  the  free  streaming  mode  (|t5|)  vs.  a >Jcop.  The  solid  curves  are 
theoretical  predictions  and  the  dots  are  simulation  results.  a>0/wp  =  0.25, 
y  =  1000. 


C0c/C0p 

Fig.  6b.  The  transmission  coefficients  for  the  R  and  L  waves  vs.  u>Jmp.  The 
solid  curves  are  theoretical  predictions  and  the  dots  are  simulation  results. 
co0/a>p  =  0.25,  y  =  1000. 
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Fig.  5.  The  spatial  electron  density  spectrum.  A  peak  at  k  =  2 k0 
shows  the  evidence  of  density  ripple  for  the  free  streaming  mode. 


4.  Conclusion 

The  effects  of  an  applied  D.C.  magnetic  field  on  the  inter¬ 
action  between  a  light  wave  and  a  relativistic  ionization 
front  was  studied  by  using  simulations.  As  predicted  by 
theory,  two  more  transmitted  waves  are  generated  and  the 
frequency  upshifts  as  well  as  the  transmission  coefficients 
are  altered  due  to  the  D.C.  magnetic  field.  There  is  excellent 
agreement  between  the  theoretical  predictions  and  the  simu¬ 
lation  results  for  the  frequency  shifts  and  transmission  coef¬ 
ficients.  We  also  observe  the  generation  of  a  static  density 
ripple  in  the  perpendicular  case.  However,  the  analysis  and 
simulations  are  based  on  step  function  fronts.  The  condition 
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for  the  validity  of  a  step  function  front  analysis  is  that 
y2co0  L  <  1,  where  L  is  the  scale  length  of  the  front.  The  y2 
factor  comes  about  because  of  a  Doppler  shift  to  the  fre¬ 
quency  and  Lorentz  contraction  to  the  scale  length.  Prelimi¬ 
nary  simulation  results  for  continuous  fronts  indicate  that  in 
a  magnetic  field  the  transmission  coefficients  may  be  signifi¬ 
cantly  altered  from  those  in  abrupt  fronts.  Further  work  is 
underway.  Finally,  we  comment  that  the  frequency  upshifts 
of  the  most  upshifted  modes  (X1;  Rt  in  Eqs.  (6),  (7))  scales  as 
coc  ~  2.86GHz/kG)  •  B  for  coc  cup.  Near  pulsars,  B  can  be 
as  large  as  1012  G  suggesting  that  very  low  frequency  signals 

could  be  converted  into  gamma  radiation  by  a  relativistic 

front.  Further  work  is  required  for  this  case  to  include  the 
Compton  recoil  of  the  plasma  electrons  and  the  discreteness 
of  the  plasma  fluid  (since  X  <  1/3). 


Acknowledgement 

Work  supported  by  U.S.D.O.E.  under  grant  number  DE-FG03-93- 
ER40776  and  DE-FG03-91ER121 14. 


References 

1.  Semenova,  V.  I.,  Sov.  Radiophys.  10,  599  (1967). 

2.  Lampe,  M.,  Ott,  E.  and  Walker,  J.  H.,  Phys.  Fluids  21,  42  (1978). 

3.  Mori,  W.  B.,  Phys.  Rev.  A44,  5118  (1991). 

4.  Savage,  R.  L.,  Joshi,  C.  Jr.  and  Mori,  W.  B.,  Phys.  Rev.  Lett,  68,  946 

(1992). 

5.  Lai,  C.  H.,  Katsouleas,  T.  C.  and  Mori,  W.  B.,  IEEE  Trans.  Plasma  Sci. 
21,45(1993). 

6.  Chen,  Francis  F.,  “Introduction  to  Plasma  Physics  and  Controlled 
Fusion”  (Plenum,  New  York  1984),  Vol.  I.,  Ch.  4,  pp.  122-131. 


Physic  a  Scripta  T52 


Physica  Scripta.  Vol.  T52,  87-92,  1994 


Lattice  of  Langmuir  Solitons  in  the  Pulsar  Magnetosphere 

E.  Asseo 

Centre  de  Physique  Theorique,  Ecole  Polytechnique,  91128  Palaiseau,  Cedex,  France 
Received  November  22, 1993;  accepted  January  28, 1994 


Abstract 

From  the  study  of  the  nonlinear  evolution  of  the  relativistic  two-stream 
instability  in  the  physical  conditions  of  the  pulsar  magnetosphere,  that 
gives  rise  to  strong  Langmuir  turbulence,  we  conclude  to  the  probable  exis¬ 
tence  of  a  lattice  of  stable  Langmuir  soliton-like  solutions,  called  “Lang¬ 
muir  microstructures”.  Such  microstructures  are  associated  to  three 
different  types  of  radiation  mechanisms.  The  first  mechanism  is  direct  radi¬ 
ation  of  the  microstructures.  The  second  one  is  curvature  radiation  of  the 
microstructures  moving  along  the  dipolar  pulsar  magnetic  field  lines.  The 
third  one  is  related  to  the  acceleration  of  beam  particles  in  interaction  with 
the  lattice  of  Langmuir  microstructures.  It  can  be  extremely  efficient  when 
some  coherence  is  maintained  between  the  phases  of  beam  particles,  for 
instance  by  a  modulation  of  the  beam.  The  conditions  in  which  one  or  the 
other  of  these  three  radiation  mechanisms  can  account  for  observed  pulsar 
radio  luminosities  are  given. 


1.  Introduction 

It  seems  reasonable  to  assume  the  existence  in  the  pulsar 
magnetosphere  of  a  lattice  of  “Langmuir  microstructures”, 
all  with  the  same  amplitude  and  fixed  with  respect  to  the 
magnetospheric  plasma  [1,  2],  Such  structures  correspond 
to  stable  Langmuir  soliton-like  plasma  solutions,  that  result 
from  the  development  of  strong  Langmuir  turbulence 
during  the  nonlinear  evolution  of  the  interaction  between  a 
beam  and  a  plasma,  both  present  in  the  emission  region  of  a 
pulsar  magnetosphere  according  to  standard  models.  Such  a 
description  appears  realistic  in  view  of  experimental  results, 
obtained  by  Antipov,  Nezlin  and  Trubnikov  [3],  that 
showed  the  presence  of  strong  Langmuir  turbulence  in  a 
strongly  magnetized  plasma  triggered  by  a  monoenergetic 
beam  and  observed  a  stable  lattice  of  Langmuir  solitons  in 
the  plasma. 

These  Langmuir  microstructures  can  radiate  electromag¬ 
netic  energy  by  three  processes.  First,  they  contain  by  them¬ 
selves  electromagnetic  energy.  Second,  they  may  curvature 
radiate.  Indeed,  they  are  dragged  along  the  dipolar  magnetic 
held  lines  by  the  plasma  motion  and  have  a  relativistic 
motion  with  respect  to  the  observer’s  frame.  Third,  the  most 
energetic  beam  particles  present  in  the  emission  region  will 
induce  electromagnetic  radiation  through  “turbulent  emis¬ 
sion”  due  to  their  interaction  with  the  assembly  of  Lang¬ 
muir  microstructures.  When  the  beam  is  modulated  and 
maintains  a  degree  of  phase  coherence  between  its  constitu¬ 
ent  particles,  this  last  linear  acceleration  mechanism  can 
result  in  coherent  turbulent  radiation  with  an  intense  level 
of  emission.  This  kind  of  process  was  initially  proposed  for 
the  interpretation  of  coherent  radio  emission  from  jets  [4]. 
What  is  new  here  is  that,  due  to  the  constraints  imposed  by 
the  extremely  strong  pulsar  magnetic  field,  linear  acceler¬ 


ation  of  the  beam  particles  is  dominant,  whereas  it  was  con¬ 
sidered  negligible  in  [4]. 

Acceleration  of  particles  to  very  high  energies  and  turbu¬ 
lent  emission  has  already  been  observed  in  laser  experiments 
and  analysed  [5-9].  Also,  recent  numerical  simulations 
ensure  the  generation  of  electromagnetic  radiation  by  a 
strong  Langmuir  turbulence  [10]. 


2.  Physical  conditions  in  the  pulsar  magnetosphere 

The  physical  conditions  in  the  pulsar  magnetosphere  are 
those  of  the  classical  standard  model  [11],  that  describes  the 
generation  of  a  primary  weakly  dense  beam  of  very  ener¬ 
getic  positrons  (and/or  electrons)  and  a  plasma  of  pairs  of 
electrons  and  positrons,  less  energetic  than  the  primary 
beam  but  with  a  higher  density.  This  arises  just  above  the 
polar  cap  of  the  neutron  star,  in  the  region  where  the 
dipolar  pulsar  magnetic  field  is  extremely  strong.  Both  the 
beam  and  the  plasma  are  in  relativistic  bulk  motion  along 
the  bundle  of  open  magnetic  field  lines  that  delimit  the 
active  region  of  the  pulsar  magnetosphere.  The  interaction 
between  the  beam  and  the  plasma  results  in  the  develop¬ 
ment  of  the  two-stream  instability. 

In  fact,  the  electrons  and  the  positrons  of  the  plasma, 
although  created  with  the  same  initial  velocity,  acquire  rela¬ 
tive  drift  motions  while  moving  along  the  magnetic  field 
lines  and  constitute  in  this  way  two  different  populations  of 
particles  [12].  The  fastest  particles  form  the  “beam”,  the 
slowest  ones  form  the  “plasma”.  In  these  conditions,  the 
contribution  of  the  very  energetic  primary  beam  to  the  dis¬ 
persion  features  is  negligible  and  the  most  efficient  two- 
stream  instability  arises  between  the  electrons  and  the 
positrons  of  the  plasma  itself.  Thus  in  what  follows,  we  rep¬ 
resent  the  physical  situation  in  the  plasma  rest  frame  of  the 
pulsar  magnetosphere  as  correctly  accounted  for  by  a 
weakly  relativistic  “plasma”  pervaded  by  an  ultrarelativistic 
beam  [2]. 


3.  Characteristics  of  the  “Langmuir  Microstructures” 

The  analysis  of  the  development  of  a  hydrodynamical  beam- 
plasma  instability  for  the  interaction  between  the  weakly 
relativistic  magnetospheric  plasma  and  the  ultrarelativistic 
beam  and  of  its  nonlinear  evolution  towards  Langmuir 
soliton-like  solutions  are  at  the  basis  of  our  interpretation  of 
the  observed  pulsar  radio  radiation  [1,  2].  Similar  results 
were  obtained  [13-16]  but,  what  is  important  here,  is  that 
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we  are  able  to  specify  in  more  detail  the  properties  of  the 
Langmuir  soliton-like  solutions. 

We  have  shown  in  [17]  that  in  general,  for  a  beam  and  a 
plasma  immersed  in  a  magnetic  field  of  arbitrary  strength, 
the  stability  of  these  Langmuir  soliton-structures  only 
depends  on  the  sign  of  the  parameter 


(Here,  rop  is  the  plasma  frequency  and  coc  =  eB/mc  is  the 
gyrofrequency).  If  s  <  0,  these  Langmuir  solitons  are  stable, 

if  s  >  0,  they  are  unstable  and  collapse,  Obviously,  in  the 

region  of  the  pulsar  magnetosphere  inside  the  light  cylinder, 
coc>  <yp,  and  the  Langmuir  solitons  generated  in  this  region 
are  stable.  They  are  the  so-called  “Langmuir  microstruc¬ 
tures”  that  form  the  small-scale  texture  in  the  region  of  the 
pulsar  magnetosphere  where  radio  emission  processes  can 
take  place.  Each  elementary  microstructure  is  characterized 
by  (1)  the  electromagnetic  components  associated  to  it,  (2) 
the  corresponding  density  well,  (3)  its  amplitude  and  spatial 
widths,  and  (4)  the  resulting  electric  charge. 

3.1.  Electromagnetic  field  components 

The  parallel  electric  field  component  of  one  Langmuir  wave- 
packet,  or  Langmuir  soliton,  has  an  envelope,  £|| ,  that 
slowly  varies  with  space  and  time  and  is  the  solution,  at  rest 
in  the  plasma  frame,  of  a  modified  nonlinear  Schrodinger 
equation. 

£|l  =  £||  cos  copt  =  2eM  sech  a(X||  —  x0)  cos  Qpt.  (2) 

Here,  =  4^/3  (nnpkBTp)1/2aHD  is  the  parallel  electric  field 
amplitude,  a  is  the  soliton  amplitude,  inversely  propor¬ 
tional  to  the  soliton  width  A,  a0  its  saturated  value,  flp  = 
£op(l  —  Anal/2)  is  the  shifted  oscillation  frequency  of  the 
Langmuir  soliton,  AD  =  t>,h  p/cop  the  Debye  length  and  uth  p 
the  plasma  thermal  velocity. 

The  perpendicular  electric  field  component,  Ex ,  is 
obtained  from  a  wave-like  equation,  £,,  acting  as  a  source 
for  its  generation, 

£±  =  £_l  +  £_l  ,  (3) 

£f  =  gjL  cos  Op^t;  X|1  ~  and  ex  =  (4) 

The  transverse  magnetic  field  component,  B, ,  is  easily 
derived  from  Maxwell’s  equations.  E±  and  Bt,  having  a  pro¬ 
pagative  character,  lead  to  a  radiation  process.  The  radiated 
power  depends  on  the  perpendicular  irregularities  of  Lang¬ 
muir  soliton  electromagnetic  components,  through  the  term 
(Vj _a/a2)2  (see  Ref.  [1]).  However,  if  |  Vx|  «  kx  is  too  small, 
more  efficient  radiation  processes  can  be  active.  Also,  let  us 
mention  that,  for  sufficiently  small  kx ,  Ex  can  be  considered 
negligible  compared  to  £y,  since  the  ratio  eje „  «  kja  k 
10/cx  2d,  is  then  much  smaller  than  unity. 

3.2.  The  corresponding  density  wells 

The  solutions  for  £y  and  Ex  show  localized  regions  of 
intense  electric  field.  As  long  as  there  is  some  relativistic 
drift  between  the  electrons  and  the  positrons  of  the  plasma, 
the  ponderomotive  force  is  effective,  even  in  the  case  of  an 
electron-positron  plasma,  and  will  induce  nonlinear  density 


perturbations.  In  the  case  of  an  extremely  strong  magnetic 
field,  only  the  parallel  component  of  the  soliton  electric  field 
contributes  to  the  density  perturbations,  dn±,  that  result 
from  the  relativistic  ponderomotive  effect, 

Sn±  ^  1  lf||  I2  col  ±  J_  /5) 

np  ~  32tc  npkBTp  co2  y±  U 

and  density  wells  form  that  correspond  to  the  localized 
Langmuir  soliton  electric  fields. 

3.3.  Amplitude  and  spatial  extent  associated  to  the  Langmuir 

microstructures 

Because  a  balance  will  exist  between  beam  instability  and 
Landau  dissipation,  the  amplitude  of  the  Langmuir  micro¬ 
structures  is  limited  and  it  is  possible  to  estimate  its  saturat¬ 
ed  value,  a0  [17].  For  Langmuir  solitons  at  rest  in  the 
plasma,  a0  se  1/1  (UD. 

The  characteristic  parallel  dimensions  of  Langmuir 
microstructures  depend  on  their  amplitude,  LN  a 

10Ad.  Only  minimum  and  maximum  values  can  be  deter¬ 
mined  for  their  perpendicular  extent,  Lx,  and  we  assume 
equivalent  perpendicular  and  transverse  dimensions,  L,  a 
Lx.  Consequently,  there  is  an  extremely  large  latitude  for 
the  choice  of  the  soliton  volume,  t>s ,  that  has  a  considerable 
impact  on  our  numerical  estimates.  For  instance,  if  at 
r  =  108cm,  the  presumed  distance  of  the  pulsar  radio  emis¬ 
sion  zone,  we  have 

L ||  «  100  cm,  Lx  x  Lt  w  103-107cm, 

108cm3  v5  <  1016cm3.  (6) 

3.4.  The  resulting  electric  charge 

We  consider  that  the  lattice  of  stable  Langmuir  microstruc¬ 
tures  is  well  described  by  a  succession  of  elementary  positive 
and  negative  charges  moving  along  each  magnetic  field  line. 
This  represents  density  wells  with  alternately  one  sign  and 
the  opposite  one,  the  whole  sequence  being  neutral.  A 
simple  estimate  for  the  electric  charge  associated  to  each 
stable  elementary  microstructure  is  obtained  by  means  of 
the  charge  density  fluctuation  derived  from  the  ponder¬ 
omotive  force  (5),  i.e.  dpFP  =  e(5n+  —  dn_).  An  integration 
over  the  volume  of  one  Langmuir  microstructure  fixes  the 
charge  estimate,  Q,  between  two  limits,  that  depend  on  the 
soliton  volume.  The  minimum  (maximum)  limit  corresponds 
to  the  minimum  (maximum)  volume.  We  have, 

Q  =  <2fp  =  8  x  10-(£)  electrons.  (7) 

Let  us  notice  that  Antipov,  Nezlin  and  Trubnikov  [3] 
observed  a  stable  lattice  of  solitons  in  the  plasma,  fixed  with 
respect  to  the  plasma,  with  electric  field  maxima  related  to 
their  density  wells  and  with  longitudinal  dimensions  of  the 
order  of  6 AD .  These  solitons  showed  concentration  in  wave 
energy,  W  ~40Winitial.  These  experimental  results  are  in 
good  agreement  with  the  characteristics  derived  above.  This 
strengths  our  confidence  in  the  probable  existence  of  a 
lattice  of  stable  Langmuir  microstructures  in  the  pulsar 
magnetosphere,  at  rest  in  the  plasma,  all  with  the  same 
amplitude  and  regularly  distributed  in  space.  These  Lang¬ 
muir  microstructures  most  likely  form  the  small-scale 
texture  of  the  pulsar  radio  emission  zone. 
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4.  Lattice  of  Langmuir  microstructures  in  the  pulsar 
magnetosphere 

If  a  lattice  of  stable  Langmuir  microstructures  do  exist  in 
the  pulsar  magnetosphere  they  can  radiate  electromagnetic 
energy  by  various  mechanisms.  First,  the  deformations  of 
the  structures,  in  a  direction  perpendicular  to  the  magnetic 
field  lines,  may  directly  induce  electromagnetic  radiation 
from  the  microstructures  themselves.  Secondly,  these  micro¬ 
structures  curvature  radiate,  being  electrically  charged  and 
in  relativistic  motion  along  the  dipolar  magnetic  field  lines. 
Thirdly,  an  incoherent  or  coherent  emission  result,  that 
depends  on  the  relative  phases  of  the  particles,  accelerated 
by  the  lattice  of  Langmuir  microstructures. 


4.1.  Direct  emission  of  electromagnetic  energy  by  Langmuir 
microstructures 

Direct  emission  of  electromagnetic  energy  by  Langmuir 
microstructures  is  associated  with  perpendicular  irregu¬ 
larities  of  the  Langmuir  microstructure  that  induce  pertur¬ 
bations  of  their  amplitude.  These  irregularities  diffuse  on  a 
time  much  longer  than  any  other  characteristic  time  and 
thus  sufficiently  persist  to  contribute  directly  to  the  radi¬ 
ation  process  [1,  2].  When  each  Langmuir  microstructure 
can  be  considered  as  an  independent  emitter,  the  radiated 
power  in  the  observer’s  frame,  that  depends  on  the  perpen¬ 
dicular  gradient  of  the  amplitude,  is  obtained  as 

(8) 

The  amplitude  is  maximum  when  the  Langmuir  soliton  con¬ 
tains  transverse  irregularities  on  the  scale  (fc”ax)-1,  with 

—  « (krx)2- 

a 

If  we  assume  a  reasonable  number  of  Langmuir  microstruc¬ 
tures  in  the  emission  region,  N  =  103,  and  usual  pulsar 
parameters,  P^L  «  8  x  1027ergss_1.  Thus,  as  long  as  kx  » 
k™x,  direct  emission  of  electromagnetic  energy  from  Lang¬ 
muir  microstructures  is  important  and  is  sufficient  to 
account  for  pulsar  radio  luminosities,  L(radio) «  1026- 
103Oergss-1.  However,  it  is  insufficient  when  kx  <k™x  or 
even  k±  <?  k™x.  Then,  the  two  other  mechanisms  described 
below,  in  4.2  and  4.3,  are  worth  consideration. 


4.2.  Curvature  radiation  from  Langmuir  microstructures 
Strong  Langmuir  turbulence  in  the  pulsar  magnetospheric 
plasma  has  been  related  to  a  succession  of  stable  and 
charged  Langmuir  microstructures  that  move  relativistically 
with  respect  to  the  observer’s  frame,  in  the  direction  of  the 
magnetic  field  lines  and  curvature  radiate  [2].  The  power 
associated  to  each  elementary  charged  Langmuir  micro¬ 
structure  is  simply  obtained  from  classical  formulae  [18],  as 


P 


Is 

c 


3  Rj  7p 


(9) 


The  charge  Q,  given  in  (7),  corresponds  to  the  density  fluc¬ 
tuations  induced  by  nonlinear  effects  through  the  ponder- 
omotive  force,  Rc  =  (4/3)r1/2R^i  is  the  radius  of  curvature 
of  the  magnetic  field  line,  and  yp  the  Lorentz  factor  associ¬ 
ated  to  the  plasma  motion.  Using  (6)  for  the  estimates  of  the 


soliton  volume,  we  have 

4  x  109ergss-1  <  P}’  <  6  x  1021ergss_1  (10) 

at  the  presumed  distance  of  the  radio  emission  zone, 
r  =  108  cm,  while  closer  to  the  star 

4  x  105ergss_1  <  Pcls  ^  6  x  1017ergss_1.  (11) 

Consequently,  if  the  Langmuir  microstructures  were  gener¬ 
ated  at  r  =  108cm,  one  should  require  a  large  number  of 
such  Langmuir  microstructures,  at  least  N  ~  106,  all  with 
the  maximum  volume,  to  reach  the  high  level  of  radio  lumi¬ 
nosity  observed  from  pulsars.  If  this  mechanism  is  to 
happen  close  to  the  star  surface,  its  contribution  is  less  effi¬ 
cient,  unless  it  occurs  in  the  most  extreme  conditions  in  the 
region  where  the  radius  of  curvature  of  the  field  lines  should 
be  considered  as  quite  small,  i.e.  Rc «  R*  (for  a  pulsar 
period  P  =  1  s).  This  last  possibility,  although  marginal 
here,  would  give  strength  to  the  attractive  interpretation 
given  by  Gil  et  al.  [19-21]  for  the  characteristic  features  of 
core  single  or  triple  profiles  classified  by  Rankin  [22-26]  for 
series  of  observed  pulsars,  as  due  to  curvature  radiation  of 
bunches  of  particles  located  close  to  the  star. 

4.3.  Acceleration  and  radiation  of  relativistic  particles 
interacting  with  the  lattice  of  Langmuir  microstructures 
While  the  interaction  is  treated  in  the  plasma  rest  frame,  the 
estimate  for  the  available  radiated  power  is  given  in  the 
observer’s  frame. 

Since  the  lattice  can  be  represented  by  a  succession  of 
Langmuir  microstructures,  regularly  spaced,  the  associated 
parallel  electric  field,  E\,  can  be  obtained  from  the  parallel 
electric  field  (2)  associated  to  one  Langmuir  microstructure. 
We  assume  that  the  distance  between  two  successive 
maxima  of  the  electric  field  can  be  taken  as  2A,  A  being  the 
width  of  the  Langmuir  wave-packet  itself.  Then, 

N 

E\  =  Yj  2«h  sech  a[(X||  —  (x0  +  2/A)]  cos  fip  t  (12) 

1  =  0 

or,  representing  the  function  sech  by  its  Fourier  series  and 
performing  straightforward  calculations, 

E\  »  2c || {N'+  l)b0  cos  fipt  +  ^ 


sin  (N  +  1)  — 
£  ,  n  jco  ac 

"p'l  2  ac  jco 


sin 


ac 


+  cos 


(X|,  -  (x0  +  iVA)) 
(xm  -  (x0  +  NA)) 


'1 


(13) 


This  parallel  electric  field  is  thus  equivalent  to  an  oscillating 
electric  field  plus  a  sum  of  travelling  waves.  The  only  trav¬ 
elling  component  that  can  have  a  true  effect  for  particle 
acceleration  and  radiation  towards  the  observer  is  the  one 
travelling  in  the  positive  direction,  with  j  =  1.  Indeed,  due  to 
the  factor  sech  ( njco/2ac ),  the  other  travelling  wave  contribu¬ 
tions  are  smaller  and  can  be  considered  negligible  below. 
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Doing  this,  we  implicitly  assume  that  the  ratio 


RsJj)  = 


sin  (N  +  1)  — 
ac 


is  finite. 

4.3.1.  Turbulent  incoherent  particle  acceleration  in  the 
parallel  electric  field  associated  with  the  lattice.  The  variation 
of  the  momentum  induced  by  the  oscillating  part  of  the  elec¬ 
tric  field,  of  the  type  e{  cos  Qpt,  cancels  when  averaged  over 

the  oscillation  period.  The  relativistic  motion  of  the  beam 

particle  in  the  travelling  wave  of  the  lattice  electric  field, 
written  as 


e2  cos 


_  CO 

Qp  t  — 

c 


(X||(*0  +  NA)) 


is  derived  from  the  simultaneous  variation  of  the  momen¬ 
tum  and  of  the  phase,  <f>,  of  the  particle,  in  the  case  where 
radiation  reaction  is  negligible.  For  an  electron,  it  can  be 
written : 

dp 

—  =  -ce2  cos  </>  (14) 


J  r 

<p  =  cot  —  —  I  X|| 
c 


(x0  +  NAJ], 


2°  +/*). 


where  e  =  ±  1,  e0  =  ±  1  and  y  =  y0  +  Ay,  we  have 

)-£ol  (22) 

2 y  2y0  2y0  L  V  Jo)  J 

Four  different  values  for are  obtained,  that  depend  on  the 
relative  values  of  e  and  e0 .  Since  Ay  «  fi0(Ap/mc),  the  corre¬ 
sponding  solutions  for  A p/mc,  and  thus  the  possibility  of 
acceleration  in  these  four  different  cases,  are  obtained  from 
eq.  (20).  Then  in  the  most  favourable  case, 


£  =  £0  =  - 1  and  Ay  «  — 

me 


It  represents  the  maximum  of  acceleration  acquired  by  one 
relativistic  beam  particle,  when  moving  through  the  lattice 
of  Langmuir  microstructures.  The  resulting  acceleration, 
being  in  the  direction  of  the  magnetic  field  to  which  the  lon¬ 
gitudinal  electric  field  of  the  lattice  is  parallel,  it  is  a  linear 
acceleration  mechanism.  The  available  radiated  power  is 
then  simply 


*  f  —  (— Y 

3  c  \mcj 


A t-  ^ 

‘“■^interaction  * 


where  p  =  myv,  y  =  [1  -  (i>2/c2)]~1/2  and  Qp  «  ox  Writing 
vjc  =  cos  a  and  p  =  (me/ tan  a),  and  taking  the  derivative  of 
eq.  (15)  with  respect  to  time,  this  system  of  eqs  (14)  and  (15), 
is  equivalent  to  the  system 

da  ee2  ,  .  , 

—  =  —  cos  ©  sim  a  (16) 

at  me 


—  =  a)(l  -  cos  a).  (17) 

A  combination  of  these  equations  yields,  after  a  straightfor¬ 
ward  integration, 

tan  ^  -  tan  ^  =  v2(sin  <f>  -  sin  0O)  =/* ,  (18) 

where  a0  and  0O  correspond  to  the  initial  velocity  and 
phase,  and  v2  =  eejmcco  is  a  dimensionless  parameter 
related  to  the  strength  of  the  wave. 

From  the  definition  of  the  momentum, 

me  me  tan  a  tan  a0  v  ’ 

Combining  eqs  (18)  and  (19),  Apjmc  can  be  rewritten  in 
terms  of  and  tan  a0/2, 

—  =  -  4  1  + - -A - rl.  (20) 

me  2  an  /  an  .  \  v  ’ 


If  the  interaction  occurs  all  over  the  length,  L,  of  the  radio 
emission  zone,  Atinleraction  =  L/c  a  10“ 5  s.  Assuming  that  the 
whole  number  of  relativistic  beam  particles  present  in  the 
radio  emission  zone  interact  with  the  lattice  of  Langmuir 
microstructures,  but  radiate  independently,  we  obtain  in  [2] 
that  the  “incoherent  turbulent  emission”  associated  with  the 
relativistic  beam  particles,  is  insufficient  to  account  for 
L(radio). 

4.3.2.  Turbulent  coherent  particle  acceleration.  Following 
recent  arguments  by  Weatherall  and  Benford  [4]  in  a  differ¬ 
ent  astrophysical  context,  one  realizes  that  some  phase 
coherence  can  be  maintained  between  the  beam  particles,  at 
least  by  the  beam  itself.  Indeed,  the  beam  is  modulated  by 
the  unstable  Langmuir  wave  at  about  the  plasma  wave¬ 
length,  X  =  c/cop  and  some  phase  coherence  between  beam 
particles  can  thus  be  expected  on  distances  of  this  order. 
The  turbulent  emission  is  then  coherent  and  can  reach  a 
very  important  level.  An  analysis  of  the  acceleration  and 
subsequent  radiation  of  the  whole  beam  particles  is  made  to 
take  into  account  the  phase  of  each  charged  particle.  This 
phase  depends  on  the  time  at  which  the  particle  intersects 
one  particular  Langmuir  microstructure.  Including  the 
phase  factor  in  the  relativistic  equation  of  motion,  the  radi¬ 
ated  power  is 

P  2  *2  v  dP‘  2 

Pt’c~3  *v?dT*  (24) 


2  e2  2 

PT.c  =  3  ^  I  eE ||  exp  (-icot/j  . 

Here,  0,  =  cot,-  represents  the  phase  of  the  ith  charged  parti¬ 
cle.  Then, 

4  e4e2 

°T,  C  —  T  23 

3  m  e* 


a  /.l  —  cos  aY/2 

tan  -  =  — - 

2  \  1  +  cos  a  J 


and  tan  —  ss  — , 
2  2v  ’ 


x  I  I  sech  a(x;  -  ( x0  +  2/A))  exp  i(Q 
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4  e4efj 

pT  c  =  -  -^4  /. 

3  m2c3 

We  use  the  free-streaming  trajectory  of  the  ith  relativistic 
particle  to  represent  the  intersection  of  the  particle  with  the 
Langmuir  microstructure.  Then,  tt  is  replaced  by  xjc  and 
the  sum  over  the  assembly  of  beam  charged  particles  can  be 
written  as  an  integral  over  the  beam  density  or  even  as  a 
double  integral  since,  in  the  extremely  strong  pulsar  mag¬ 
netic  field,  the  beam  density  only  varies  in  the  direction  of 
the  magnetic  field  itself.  Then, 


I  =  {L±Ll 


J-  dxi 


dx2  n(xl)n(x2) 


x  £  I  sech  a(xj  —  (x0  +  2/A)) 


x  sech  a(x2  —  (x0  +  2/' A)) 


x  exp  i| 


Since  the  Langmuir  microstructures  are  located,  the  limits 
of  integration  can  be  taken  as  infinite.  The  product 
n(x1)n(x2)  is  expressed  in  terms  of  the  correlation  of  the 
density  fluctuations,  N(xt,  x2) 

n(xi)n(x2)  =  N(xu  x2)  +  n(bp,)2.  (27) 

If  iV(x1,  x2)  only  depends  on  the  separation  between  x2  and 
x2 ,  we  may  change  the  variables  xt  and  x2toI  =  Xj-x2, 
X*  =  X  +  2(1'  —  l)A  and  Y  —  x2  —  (x0  +  21' A).  Then,  if  we 
assume  that  density  fluctuations  that  arise  at  the  resonant 
plasma  wavelength  induce  a  monochromatic  spectrum  for 
beam  density  fluctuations, 


tude  for  nx  c,  comparable  to  the  observed  pulsar  radio 
luminosities,  L(radio)  «  1026  —  103Oergss_1.  For  instance, 
choosing  N  —  103,  vtb  p/c  x  0.13,  yp  «  102,  y(bpl)  «  2, 
vjv™in  —  102  and  with  an  estimate  for  beam  density  fluctua¬ 
tions. 


«  3  x  10^ 3, 


obtained  from  linear  calculations  [1], 

IIX  c  »  5  x  1029  sech2  ^  ^  +  3  x  10" 


The  available  radiated  power  from  the  interaction  of  rela¬ 
tivistic  beam  particles  with  the  lattice  of  Langmuir  micro¬ 
structures  present  in  the  emission  region  is  then  easily  of  the 
order  of  the  observed  radio  luminosities.  Moreover,  the 
function  sech  being  maximum  when  its  argument  is  zero,  the 
turbulent  coherent  power  is  emitted  by  relativistic  beam 
particles,  either  directly  at  the  plasma  frequency  or  at  twice 
the  plasma  frequency  for  the  emission  of  particles  imparted 
by  beam  density  fluctuations  or  both.  There  are  no  means 
to  decide,  from  radio  observations,  between  emission  at  the 
plasma  frequency  or  at  its  second  harmonic  since  only 
rough  estimates  are  deducible  for  the  value  of  the  plasma 
density  from  observations  and  models.  Emission  at  the 
plasma  frequency  may  be  favoured  considering  that  the 
interaction  of  the  beam  particles  with  the  Langmuir  micro¬ 
structures  is  forced  at  the  very  frequency  of  the  Langmuir 
solitons. 


5.  Summary 


N(X)  =  (^)V2  ^P  dkX). 


After  straightforward  integrations  over  Y  and  X,  we  have 


2  V  ac 


Here,  (L±Lta_1)  represents  the  soliton  volume  vs,  the  factor 
(n(bpl)t;s)2  accounts  for  coherency  of  the  particle  radiation  and 
we  assume  that  R2in  as  (N  +  l)2  *  N2. 

Then,  in  the  observer’s  frame,  the  available  radiated 
power  can  be  written : 


Different  ensembles  of  reasonable  values  for  the  parameters 
in  the  pulsar  magnetosphere  lead  us  to  an  order  of  magni- 


The  presence  of  a  lattice  of  Langmuir  microstructures  in  the 
pulsar  magnetosphere  is  very  important.  Indeed,  the  strong 
Langmuir  turbulence  which  develops  in  the  physical  condi¬ 
tions  expected  around  pulsars  will  give  rise  to  an  electro¬ 
magnetic  emission  1,  directly  through  the  emission  of 
electromagnetic  radiation  from  the  Langmuir  microstruc¬ 
tures  themselves;  2,  through  curvature  radiation  of  the 
Langmuir  microstructures  that  move  along  the  open  and 
curved  magnetic  field  lines;  3,  through  “incoherent  turbulent 
emission”;  or  4,  through  “coherent  turbulent  emission”, 
from  the  relativistic  beam  particles  interacting  with  the 
lattice  of  Langmuir  microstructures.  Processes  1  and  4  are 
the  most  efficient  ones. 
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Abstract 

We  study  the  kinematics  of  the  relativistic  Sweet-Parker  and  Petschek 
reconnection  models  for  a  magnetically  dominated  relativistic  pair  plasma 
and  find  that  the  steady  state  inflow  velocity  to  the  resistive  region  can 
approach  the  relativistic  Alfven  speed  when  the  outflow  velocity  does.  This 
allows  for  a  much  faster  rate  of  energy  conversion  than  in  the  non- 
relativistic  regime  and  may  be  important  in  astrophysical  settings. 


1.  Introduction 

In  both  the  Sweet-Parker  [1]  (hereafter  SP)  and  Petschek 
[2]  (hereafter  PK)  models  of  magnetic  annihilation  and 
reconnection  shown  in  Fig.  1,  flows  of  plasma  with 
oppositely  directed  magnetic  fields  meet  along  the  x-axis  in 
a  thin  resistive  dissipation  region  (DR),  and  outflow  perpen¬ 
dicular  to  the  inflow  ensues.  The  important  difference 
between  the  two  models  is  that  length  w,  of  the  DR  satisfies 
w  =  L  for  SP  and  w  <§  L  for  PK,  where  L  is  the  character¬ 
istic  field  gradient  length  scale  of  the  inflow.  Outside  of  the 
resistive  rectangle,  in  the  PK  outflow  region,  the  field  recon¬ 
nects,  and  its  tension  thrusts  the  plasma  away  from  the 
x-point  along  the  x-axis  (Fig.  1). 

The  length  of  the  DR  in  PK  is  then  determined  by  the 
distance  from  the  origin  for  which  the  Alfven  velocity 
associated  with  the  normal  component  of  the  proper  frame 
magnetic  field  is  large  enough  to  balance  the  inflow  velocity. 
From  each  corner  of  the  diffusion  region,  standing  Alfven 
waves  separate  the  inflow  and  outflow  regions. 

For  non-relativistic  flows,  PK  provides  a  faster  rate  of 
reconnection  for  a  given  outflow  velocity  than  SP.  We  shall 
see  however,  that  for  extremely  relativistic  outflows,  both 
pictures  can  provide  relativistic  energy  conversion  rates. 


Fig.  1.  Physical  configuration.  We  consider  magnetized  pair  plasma  inflow 
toward  the  origin,  along  the  y-axis  and  outflow  away  from  the  origin  along 
the  x-axis.  (a)  Sweet-Parker  picture,  with  a  null  line  along  the  x-axis.  (b) 
Petschek  picture;  here  the  gain  in  plasma  kinetic  energy  at  the  x-point  and 
across  the  shocks  is  absorbed  into  the  outflow  plasma,  reducing  the  mag¬ 
netic  flux  there.  The  resistive  regions  are  shaded. 


When  the  magnitude  of  the  magnetic  energy  density  of  the 
inflow  plasma  region  is  larger  than  the  plasma  density  times 
c2,  the  kinetic  energy  of  the  ejected  plasma  will  be  rela¬ 
tivistic  even  if  the  inflow  plasma  is  not.  We  recognize  that 
the  conditions  under  which  various  models  of  magnetic 
reconnection  occur  are  not  agreed  upon  [3]  but  suggest  that 
including  relativity  does  not  add  significantly  more  uncer¬ 
tain  physics  per  se,  in  the  kinematic  picture. 

In  this  paper  we  assume  that  the  collisional  term  domi¬ 
nates  synchrotron  radiation  losses  in  the  Boltzmann  equa¬ 
tion  and  that  the  charge  density,  mean  velocity  density,  and 
mean  momentum  density  vanish  in  the  proper  frame.  Quan¬ 
tities  measured  in  this  frame  are  labeled  with  a  superscript  *. 
For  PK  we  also  assume  that  the  outflow  field  is  very  small 
compared  to  the  inflow  field,  and  that  the  inflow  4-velocity 
is  much  less  than  the  outflow  4-velocity.  These  are  mutually 
consistent  assumptions. 

We  employ  Ohm’s  law,  the  magnetic  induction  equation, 
and  the  continuity  equation  to  obtain  the  steady  state  SP 
inflow  velocity  as  a  function  of  resistivity  and  outflow  veloc¬ 
ity  by  setting  w  =  L.  Then  we  proceed  to  use  energy- 
momentum  conservation,  and  the  field  solution  in  this  order 
to  obtain  the  PK  solution  by  requiring  w  <g  L. 

2.  Relativistic  SP  and  PK  inflow  velocities 

Blackman  and  Field  [4],  show  that  Ohm’s  law  for  a  rela¬ 
tivistic  pair  plasma  under  fairly  general  conditions  has  the 
MHD  form 

F',vf/V  =  tiij*  +  U%  {/").  (1) 

where  f  is  the  current  density,  F"v  is  the  electromagnetic 
tensor,  rj  is  the  resistivity  and  \J'i  is  a  frame  4-velocity.  We 
shall  assume  that  the  inflow  and  outflow  velocities  are 
approximately  constant  and  uniform  so  that  the  inflow  and 
outflow  regions  each  have  unique  proper  frames  and  field 
gradients  occur  primarily  in  the  DR  of  Fig.  1. 

Using  (1)  and  Maxwell’s  Equations,  the  lab  frame  mag¬ 
netic  induction  equation  is  given  by 

-  82B/dt2  +  c2\2B  =  (4t iyy/r,WB/dt  —  V  x  [  V  x  /?]).  (2) 

Let  us  approximate  the  derivatives  over  small  scales  by  the 
inverse  of  their  size  scales.  Thus,  At  is  the  timescale  for  flux 
dissipation  and  Ax  =  h,  the  height  of  the  DR.  Writing  out 
explicitly  the  components  which  are  relevant  for  our  y- 
influx,  and  rearranging,  we  obtain 

Uy  ~  rjc/(Sny2  h)  =  r]c/(Snh*yy),  (3) 

where  Uy  is  the  inflow  4-velocity.  (3)  can  also  be  derived 
from  the  Ohm’s  law  and  the  Oth  component  of  energy- 
momentum  conservation. 
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For  the  very  small  DR,  integrating  the  continuity  equa¬ 
tion  over  the  four  volume  and  using  Gauss’  Theorem  gives 

Uy/Ux  =  A  y*/Ax*  =  h*/w*.  (4) 

To  obtain  the  SP  inflow  velocity,  we  set  w*  =  L  in  (4)  and 
combine  with  (3)  to  obtain 

Uy/Ux  =  [_r1c/(SnUxLyy)r2.  (5) 

Since  the  maximum  outflow  velocity  is  the  Alfven  velocity 
(~c)  we  have 

fw-'*;",  (6) 

Where  R0  is  the  Reynolds  number  of  the  outflow  region.  (6) 

shows  that  even  though  the  ratio  of  inflow  to  outflow 
momenta  may  be  small  (R0  g>  1  for  astrophysical  plasma), 
the  ratio  of  velocities  can  approach  1  if  VJc  ~  1.  For  R0  ~ 
105  the  ratio  of  velocities  is  plotted  in  Fig.  2  for  SP  and  PK. 
We  shall  now  derive  the  latter. 

Consider  PK  as  in  Fig.  1(b).  Assuming  that  all  of  the 
variation  in  the  inflow  wedge  takes  place  across  the  DR  in 
the  y-direction,  and  along  the  small  x-direction  in  the 
outflow  region,  we  change  the  partial  derivatives  to  total 
derivatives  and  write  the  y-component  of  energy- 
momentum  conservation  for  the  inflow  region  as 

dP  +  U2y  d(e*  +  P)  +  2Uy(e*  +  P)dUy  =  -BJ(4n)  d Bx,  (7) 

where  e*  is  the  energy  density  in  the  proper  frame,  and  P  is 
the  scalar  pressure.  We  have  assumed  magnetic  energy  is 
converted  into  either  scalar  pressure  or  bulk  flow.  dUy 
cannot  absorb  the  change  in  Bx  since  plasma  is  flowing  in 
from  both  sides  of  the  x-axis.  The  change  must  be 
accounted  for  by  an  increase  in  plasma  pressure.  Then,  (7) 
becomes 

dP  +  U 2  d(e*  +  P)  =  —  BJ(4n)  d Bx.  (8) 

Using  the  ultrarelativistic  approximation  to  the  equation  of 
state  for  low  densities  and  high  temperatures  [5],  P  =  l/3e*, 
and  integrating  (8)  we  get 

P0  -  Pin  =  BfJ( 8*[1  +  4 U2]),  (9) 

where  P0  is  the  plasma  pressure  at  the  x-point,  Pin  is  the 
plasma  pressure  in  the  inflow  wedge  far  away  from  the  DR, 
where  B  =  BL. 

We  assume  that  any  change  in  magnetic  field  in  the 
outflow  wedge  is  small.  Performing  a  similar  analysis  as 


Log  (Vymax/c) 


Fig.  2.  Summary  of  results.  Inflow  velocity  vs.  outflow  velocity  for  rela¬ 
tivistic  steady  state  Petschek  and  Sweet-Parker  reconnection.  Relativistic 
reconnection  allows  for  rapid  conversion  of  magnetic  energy  because 
although  the  ratios  of  inflow  momenta  to  outflow  momenta  are  small,  as  in 
the  non-relativistic  regime,  the  relativistic  momentum  of  velocity  allows  the 
ratios  of  inflow  to  outflow  velocities  to  approach  1.  As  the  Alfven  velocity 
approaches  c.  The  top  curve  is  the  Petschek  result  [eq.  (7.10)]  and  the 
bottom  curve  is  the  Sweet-Parker  result  [eq.  (4.50)]. 


above,  for  the  x-component  energy-momentum  conserva¬ 
tion  in  the  outflow,  gives 

P o/P0i  =  1  +  4Ul ,  (10) 

where  Pot  is  the  plasma  pressure  in  the  outflow  wedge. 

All  of  the  magnetic  energy  is  converted  to  plasma  kinetic 
energy  at  the  x-point.  The  simplest  case,  and  the  one  which 
maximizes  the  outflow  velocity,  is  when  all  of  the  magnetic 
energy  is  converted  into  bulk  kinetic  energy.  In  this  case, 
Pot  =  Pin,  and  we  can  substitute  (9)  into  (10)  to  obtain 

U2xmn  =  Bj](32n[l+Wj]Pin).  (11) 

We  assume  that  most  of  the  change  in  B  occurs  within  the 

small  resistive  region,  so  that,  outside  that  region,  B  =  \ij/ 
and 

=  0  =  d„d"i/r,  (12) 

in  the  steady  state.  Define  r2  =  (x2  +  y2)  and  8  =  tan  “ 1  y/x. 
Our  boundary  conditions  are  B  =  \ip  =  0  at  r  =  0,  B  = 
Vi/r  =  Bl  at  r  =  L,  and  Be  =  0  at  6  =  p,  where  p  is  the  angle 
between  the  x-axis  and  the  field  in  the  inflow  wedge  shown 
in  Fig.  1(b).  The  appropriate  solution  of  (12)  in  polar  co¬ 
ordinates  [6]  is 

B,  =  BL(r/L)2^-2^  cos  (8  -  p)/(l  -  2/J/tt),  (13) 

Bg  =  BJr/L )W*~2V  Sin  (8  -  p)/{\  -  2 p/n).  (14) 

The  presence  of  stationary  shocks  in  PK  requires  the  rela¬ 
tivistic  Alfven  velocity  associated  with  the  proper  frame  field 
normal  to  the  shock,  to  balance  the  parallel  component  of 
the  inflow  velocity  in  the  lab  frame.  For  h  4  w,  the  angles 
are  small,  and  this  equality  is  given  by 

U2  =  (a*  -  p*)2B*2(W*/L)^-2^/ll2nPin],  (15) 

where  a  is  the  angle  between  the  x-axis  and  the  shock 
shown  in  Fig.  1(b).  Note  that  P£2  -  y2  Bl,  since  Ex  -  Ey  = 
0,  and  Vyl  BL.  Then  using  (10),  (11)  and  (15),  we  obtain  in 
the  small  angle  approximation 

Uy/yy(l  +  4U2)112 

=  (8/3) 1/2  Ux  max(w*/ L)2^*/<’t  ~  2/,,)(/J*  -  «*).  (16) 

We  can  obtain  another  relating  Uy  to  Uxmxx  by  consider¬ 
ing  the  field  at  the  top  center  of  the  DR,  (x  =  0,  y  -  h, 
8  =  n/2).  From  (11),  (4),  and  (14)  we  have  in  the  small  angle 


approximation, 

Uy/Uxmax  =  oi*(h*/L)2^-2^.  (17) 

In  the  small  angle  limit,  (16)  and  (17)  give, 

(18) 

Equations  (16)  and  (17)  also  give 

0.77  ^  a */p*  ^  1.0,  (19) 

since  0  ^  VJc  ^  1.  Thus  a*  has  a  nealrly  constant  relation 
to  p*  over  a  full  range  of  inflow  velocities.  We  write 

a*  ~  kp *,  (20) 

where  k  is  approximately  constant. 

Using  (3),  (4),  and  (18),  we  obtain 

ujuxm  ax  =  (R0r2^(kp*r^^.  (2i) 
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Define  R0  =  k2R0 .  Then  maximizing  the  l.h.s  as  a  function 
of  /J*  gives: 


UymJUx 


In  [ y 

v  max  R0 ] 


(22) 


Figure  2  shows  how  the  PK  Vy  max  can  be  relativistic  for 
even  smaller  Vxmsix  than  the  SP  result  for  the  same  Reynolds 
number.  Since  the  steady  state  can  maintain  relativistic 
inflows,  the  rate  of  magnetic  energy  conversion  into  plasma 
kinetic  energy  is  relativistic  as  well.  We  have  not  discussed 
the  details  of  the  DR  which  are  more  important  to  SP  than 
PK,  since  the  latter  solution  for  the  inflow  velocity  depends 
only  logarithmically  on  the  resistivity,  and  has  a  much 
smaller  fraction  of  the  energy  conversion  occurring  in  the 
DR. 


3.  Applications 

Relativistic  reconnection  may  be  operating  in  Active  Gal¬ 
axies  (AG)  in  several  contexts.  In  models  of  active  galactic 
nuclei  (AGN)  for  which  energy  and  angular  momentum 
transfer  from  an  accretion  disk  occurs  by  strong-field  mag¬ 
netic  dissipation  in  a  pair  plasma  corona  [7],  reconnection 
in  a  relativistic  plasma  is  likely  occurring,  and  relativistic 
reconnection  increases  the  efficiency  of  this  energy  conver¬ 
sion. 

In  addition,  in  those  AG  which  have  relativistic  jets  of 
plasma,  part  of  the  energy  in  any  relativistic  jet  lepton 
population  is  likely  produced  by  local  acceleration  processes 
in  order  to  maintain  the  observed  power  law  distribution 
over  kiloparsec  scales  [8].  This  in  situ  acceleration  has  been 
thought  to  be  due  to  either  stochastic  or  diffusive  oblique 
shock  acceleration  [8],  but  the  latter  hs  been  shown  to  be 
ineffective  in  pair  plasmas  [9].  Thus,  if  jets  are  composed 
primarily  of  pair  plasma,  relativistic  reconnection  could 
provide  an  alternative  to  shock  acceleration.  Since  we  have 
shown  that  the  steady  state  conversion  of  magnetic  energy 
to  plasma  kinetic  energy  can  occur  relativistically,  signifi¬ 
cant  reacceleration  by  reconnection  could  be  operating  as 


the  relativistic  leptons  stream.  Jet  particles  could  then  con¬ 
tinue  to  radiate,  without  significant  losses  over  the  travel 
time  corresponding  to  the  jet  length.  Further  work  should 
be  done  to  understand  the  outflow  particle  power  spectrum 
from  relativistic  reconnection. 

Another  possible  role  of  relativistic  reconnection  is  as  an 
aide  to  radiative  acceleration  of  pair  plasmas.  Such  a 
mechanism  may  be  at  work  in  the  hydromagnetic  jets  of 
AGN.  Relativistic  reconnection  can  account  for  a  rapid 
formation  of  pair  plasma  blobs  from  unstable  open  loop 
configurations  [10]  and  the  subsequent  skewing  of  the  dis¬ 
tribution  function  toward  higher  energies  required  [11]  for 
radiative  acceleration  to  operate  over  parsec  scales.  The 
presence  of  a  tangled  magnetic  field  in  the  bulk  accelerating 
plasma  can  also  reduce  the  “drag”  effect  resulting  from  dila¬ 
tion  of  the  source  photons  [12]  if  the  synchrotron  cross- 
section  dominates  the  Thomson  cross-section. 
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Abstract 

The  origin  of  cosmic  rays  and  applicable  laboratory  experiments  are  dis¬ 
cussed.  The  principle  problems  of  shock  acceleration  for  the  production  of 
cosmic  rays  in  the  context  of  astrophysical  conditions  are  found  to  be:  (1) 
The  presumed  unique  explanation  of  the  power  law  spectrum  is  shown 
instead  to  be  expected  as  a  universal  property  of  all  accelerators  with  high 
loss;  (2)  The  extraordinary  isotropy  of  cosmic  rays  and  the  limited  diffusion 
distances  implied  by  supernova  induced  shock  acceleration  requires  a  more 
frequent  and  space-filling  source  than  supernova;  (3)  Near  perfect  adia- 
baticity  of  reflection  by  strong  hydromagnetic  turbulence  is  required  in 
order  to  accelerate  the  particles.  In  each  doubling  in  energy  roughly  105-6 
scatterings  are  required  with  negligible  energy  loss.  This  seems  most 
unlikely  by  strong  hydromagnetic  waves;  (4)  The  evidence  for  acceleration 
due  to  quasi-parallel  heliosphere  shocks  is  weak.  There  is  small  evidence 
for  the  expected  strong  hydromagnetic  turbulence,  and  instead,  only  a 
small  number  of  particles  are  observed  to  be  accelerated  after  only  a  few 
shock  traversals;  (5)  The  acceleration  of  electrons  in  the  same  collisionless 
shock  that  accelerates  ions  is  difficult  to  reconcile  with  the  theoretical 
picture  of  strong  hydromagnetic  turbulence  that  reflects  the  ions.  The 
hydromagnetic  turbulence  will  appear  adiabatic  to  the  electrons  at  their 
much  higher  Larmor  frequency  and  so  the  electrons  should  not  be  scat¬ 
tered  incoherently  as  they  must  be  for  acceleration.  Therefore  the  electrons 
must  be  accelerated  by  a  different  mechanism.  This  is  unsatisfactory, 
because  wherever  electrons  are  accelerated  these  sites,  observed  in  radio 
emission,  may  accelerate  ions  more  favorably.  Because  of  these  difficulties, 
an  alternate  explanation  is  given  where  reconnection  of  twisted  magnetic 
fields  (from  gravitational  condensation,  accretion,  and  conservation  of 
angular  momentum)  accelerates  particles  along  field  lines.  The  acceleration 
is  coherent  provided  the  reconnection  is  coherent,  in  which  case  the  total 
flux,  as  for  example  of  collimated  radio  sources,  predicts  single  charge 
accelerated  energies  significantly  greater  than  observed.  The  same  acceler¬ 
ation  process  should  occur  during  the  formation  of  stars  associated  with 
the  T-Tauri  phase  and  bi-polar  outflows.  Because  of  the  ubiquitous  nature 
of  matter  condensations  in  the  universe,  and  the  near  universal  excess  of 
angular  momentum,  the  acceleration  is  inherently  isotropic  and  space¬ 
filling  in  nature.  Four  laboratory  experiments  are  suggested  that  would 
form  the  basis  of  a  substantiated  science  of  plasma  processes  of  acceler¬ 
ation.  These  include  an  a -m  dynamo  using  liquid  sodium,  a  one-ended 
plasma  pinch  that  simulates  the  formation  of  collimated  radio  sources  or 
bi-polar  out-flows,  reconnection  or  current  interruptions  in  a  tokamak, 
which  simulates  acceleration  by  coherent  reconnection,  and  finally  a  colli¬ 
sionless  shock  experiment  to  simulate  the  classical  shock  acceleration 
process. 


I.  Introduction 

Cosmic  Rays  are  the  extremum  of  non-thermal  phenomena 
within  the  Galaxy  as  well  as  within  the  universe.  The 
present  upper  energy  limit  of  the  most  energetic  event, 
observed  at  the  Fly’s  Eye  corresponds  to  3  •  102OeV  or 
T  =  3  •  1011.  When  one  compares  this  to  the  3  degree 
cosmic  background  radiation,  the  ratio  becomes  1.6  •  1024, 
an  awesome  departure  from  thermal  equilibrium.  There  are 
only  a  few  proposed  mechanisms  of  acceleration  by  which 
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this  extraordinary  departure  from  equilibrium  can  likely 
arise.  Among  these  are: 

(1)  The  stochastic  processes,  the  Fermi  mechanism,  where 
a  single  particle  can  scatter  elastically  and  randomly  off  of 
individual,  more  massive  units  of  matter.  The  units  of 
matter  may  be  either  magnetized  moving  galactic  or  meta- 
galactic  clouds  or  hydromagnetic  waves  induced  by  magne¬ 
tized  collisionless  shocks. 

(2)  The  purely  hydrodynamic  relativistic  shock  acceler¬ 
ation  that  occurs  when  a  strong  shock  in  a  supernova  pro¬ 
pagates  in  the  decreasing  density  gradient  of  the  envelope  of 
a  star  during  the  supernova  explosion. 

(3)  The  coherent  acceleration  of  particles  by  electric  fields 
parallel  to  the  local  magnetic  field  as  for  example  occurs  in 
reconnection  or  by  hydromagnetic  waves  that  coherently 
accelerate  particles  along  field  lines. 

The  most  generally  accepted  mechanism  is  the  collision¬ 
less  shock  (here  after  CS)  in  galactic  and  intergalactic  space. 
The  reason  for  this  wide  acceptance  is  the  almost  universal 
intuitive  acceptance  of  a  mechanism  that  produces  a  power- 
law  (in  energy)  because  of  diffusion  in  energy  space.  The 
tacit  assumption  that,  in  general,  “a  power  law  is  unlikely” 
is  false  and  instead  a  power  law  occurs  naturally  in  many 
circumstances  as  we  shall  discuss.  Since  there  are  many 
unresolved  questions  even  insuperable  difficulties  to  apply¬ 
ing  the  CS  mechanism  universally  to  cosmic  ray  acceler¬ 
ation,  there  is  a  strong  motive  to  consider  all  other 
possibilities  and  how  we  can  possibly  resolve  this  major  and 
dramatic  phenomena.  Towards  this  end,  the  CS  mechanism 
and  its  limitations  will  be  reviewed  in  Section  2  leading  to 
why  additional  mechanisms  are  needed.  The  remaining  two 
mechanisms  will  then  be  discussed  in  Section  3  and  4.  The 
second  mechanism,  the  relativistic  hydrodynamic  shock 
ejection  of  supernova  envelopes  will  be  rejected  for  nearly 
the  same  reasons  as  the  rejection  of  the  CS  mechanism, 
leaving  only  the  coherent  magnetic  reconnection  mechanism 
as  the  likely  universal  explanation  of  cosmic  rays.  In  order 
to  help  resolve  this  difficult  question,  five  laboratory  experi¬ 
ments  will  be  suggested  in  Section  5  to  help  substantiate 
physical  modeling.  The  conclusion  argues  for  the  experi¬ 
ments. 

2.  Power  laws,  isotropy  and  collisionless  shock  acceleration 

2.1.  Power-law  spectrum 

The  accepted  theory  of  cosmic  ray  acceleration  is  shock 
wave  acceleration  in  the  ISM  driven  by  supernova  (Axford, 
Leer,  and  Skadron,  [1];  Bell,  [2]  Blanford  and  Ostriker, 
[3]).  As  Hillas  [4]  points  out  ’’This  acceptance  has  been 
largely  based  upon  the  good  agreement  between  the  univer¬ 
sal  power-law  spectrum  predicted  by  shock  acceleration.” 
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i.e.  the  power-law  index  becomes : 
s  =  (d  In  N)/( d  In  E) (2  +  e) 

depending  only  on  the  Mach  number  and  the  observed  or 
inferred  particle  spectra,  (see  Blanford  and  Eichler  [5],  for  a 
review,  and  many  papers  by  P.  Biermann  for  a  more  accu¬ 
rate  comparison.)  This  belief  that  a  nearly  correct  power-law 
spectral  index  alone  is  unique  is  instead,  a  less  restrictive 
condition  than  commonly  believed.  Any  accelerator  for 
which  a  fractional  gain  in  energy,  (d  In  E),  by  a  few  particles 
is  accompanied  by  a  significantly  larger  fractional  loss, 
— (d  In  N),  in  number  of  the  remainder  will  give  a  power- 
law: 

d  n/N  =  —  s(d  E/E). 

The  fractional  loss  for  a  fractional  gain  in  energy  is  what 
would  be  expected  for  a  rigidity  dependent  loss  mechanism 
where  the  probability  of  a  relativistic  particle  being  scat¬ 
tered  out  of  an  acceleration  region  is  inversely  proportional 
to  its  energy  or  rigidity. 

For  values  of  s  <  ~2,  i.e.  a  smaller  fractional  loss,  the 

P 

integral  energy  becomes  asymptotically  large,  E  d N  ~ 

JEo 

E~s+2  and  at  some  energy  will  truncate  or  limit  the  acceler¬ 
ation  mechanism,  destroying  the  confinement  and  hence  the 
accelerating  mechanism  itself.  Hence,  it  is  not  likely  that  at 
any  one  time  we  should  see  many  such  accelerators 
occurring  naturally  in  the  Galaxy.  On  the  other  hand  accel¬ 
erators  with  s  2  will  produce  a  spectrum  so  steep  that, 
relative  to  another  less  steep  one,  will  not  be  observed 
above  some  critical  energy  at  which  the  two  mechanisms 
give  the  same  flux.  Hence  it  is  likely  that  the  spectrum  of 
any  observed  mechanism  should  be  close  to  s  =  2  +  e.  The 
conclusion  of  this  argument  is  that  a  power  law  distribution 
of  energy  or  rigidity  vs.  number  is  expected  for  many  natural 
acceleration  mechanisms. 

2.2.  Why  do  we  need  a  new  Theory  of  the  Origin  of  Cosmic 
Rays  ? 

(1)  The  spectral  argument  for  shock  acceleration  is  not 
compelling. 

(2)  The  observed  isotropy  requires  a  space-filling  mecha¬ 
nism,  or  if  supernova  shocks  are  the  sources,  that  the  diffu¬ 
sion  mean-free  path  after  acceleration  must  be  very  long, 
>  1  kpc,  in  order  that  the  spatial  fluctuations  due  to  a  small 
number  of  contributing  supernova  be  averaged  out  and  fur¬ 
thermore  that  the  surrounding  “leaky  box”  be  extraordi¬ 
narily  isotropic. 

(3)  The  plasma  physics  of  the  required  scattering  mecha¬ 
nism  is  uncertain  in  that  ~  3(i>sh0Ck/c)2  ~  105  to  106  scat¬ 
terings  per  particle  must  occur  from  strong,  self-excited 
hydromagnetic  waves  per  doubling  in  energy  and  yet  with 
negligible  damping.  Furthermore  the  hydromagnetic  turbu¬ 
lence  must  be  “strong”  in  order  that  a  particle  be  scattered 
with  a  mean  free  path  not  too  many  Larmor  orbits  in 
dimension. 

(4)  The  evidence  for  acceleration  due  to  quasi-parallel 
heliosphere  shocks  is  weak,  in  some  cases  with  small  or  no 
evidence  for  the  expected  strong  hydromagnetic  turbulence, 
and  where  acceleration  is  demonstrated,  with  only  a  few 
shock  traversals  by  the  accelerate  particles  implied. 


(5)  The  acceleration  of  electrons  in  the  same  collisionless 
shock  that  accelerates  ions  is  difficult  to  reconcile  with  the 
theoretical  picture  of  hydromagnetic  turbulence,  self-excited 
by  the  anisotropic  streaming  of  energetic  accelerated  ions. 
This  hydromagnetic  turbulence  will  appear  adiabatic  to  the 
electrons  at  their  much  higher  Larmor  frequency,  and  so  the 
electrons  should  not  be  scattered  incoherently  as  they  must 
be  for  acceleration.  Therefore  the  electrons  must  be  acceler¬ 
ated  by  a  different  mechanism.  This  is  unsatisfactory, 
because  wherever  electrons  are  accelerated,  these  sites, 
observed  in  radio  emission,  may  accelerate  ions  more  favor¬ 
ably. 

2.3.  Isotropy 

The  shocks  in  the  ISM  that  would  produce  the  bulk  of  the 
cosmic  rays  up  to  an  energy  of  ~  1014eV  (Lagage  and  Cae- 
sarsky  [6],  are  presumably  derived  from  supernova.  The 
energy  of  the  supernova  explosion,  ~  1051  ergs  produces  a 
shock  of  sufficient  strength  out  to  a  radius  of  roughly  100  pc 
or  the  half  thickness  of  the  Galaxy.  Any  mechanism  for 
accelerating  cosmic  rays  that  depends  primarily  upon  super¬ 
nova  will  have  a  problem  producing  the  necessary  isotropy 
presently  observed  (Osborne  [7]).  From  a  TeV  to  10  to  100 
times  greater,  where  shower  arrays  are  most  sensitive  to 
anisotropy,  this  anisotropy  is  now  less  than  10” 3.  The  life¬ 
time,  t,  of  cosmic  rays  is  assumed  to  be  =5 107  years  from  the 
measurements  of  the  decay  of  10Be  and  the  nuclear  spall¬ 
ation  arguments  leading  to  the  “leaky  box”  model  of  cosmic 
rays  in  the  Galaxy.  For  a  diffusion  coefficient,  D,  for  par¬ 
ticles  of  a  given  rigidity  there  is  a  characteristic  distance,  d, 
within  which  particles  can  diffuse  to  the  observer.  (It  is 
usually  believed  that  such  a  diffusion  coefficient  will  be 
rigidity  dependent,  but  in  the  CS  mechanism  the  set  of  all 
hydromagnetic  waves  that  scatter  the  particles  must  scatter 
effectively  over  at  least  six  orders  of  magnitude  in  rigidity. 
Hence,  in  a  CS  dominated  Galaxy,  it  is  likely  that  most  par¬ 
ticles  wil  be  localized  to  a  dimension,  d,  independent  of 
rigidity.)  The  anisotropy  of  the  diffusive  flux  will  be  of  the 
order  of  the  maximum  fractional  differences  of  the  source 
distribution  of  Nsupernova  number  of  events  averaged  over  the 
time,  x.  This  fractional  difference  is  of  order  (/Vsn)1/2.  If  all 
the  supernova  within  the  galaxy  at  a  maximum  rate  of  1/30 
years  in  the  life  time  of  107  years,  or  3  •  105  supernova  were 
all  equally  contributing  to  the  local  flux,  then  the  anisotropy 
would  be  of  the  order  (3  •  105)_1/2  =  1.8  •  10-3  a  value 
somewhat  larger  than  observed.  The  diffusion  distance,  d, 
must  then  be  significantly  greater  than  the  dimension  of  the 
galaxy,  30  kpc.  Under  these  circumstances  the  diffusion  coef¬ 
ficient  must  be  greater  than  3  •  1031cm2/s  or  a  mean  free 
path  for  scattering  greater  than  1  kpc.  This  is  3  •  104  greater 
than  what  is  assumed  for  the  necessary  scattering  for  the 
diffusive  shock  mechanism  where  the  mean  free  path  is  fre¬ 
quently  assumed  to  be  roughly  10  Larmor  radii  at  10  TeV.  If 
this  difference  in  scattering  length  indeed  occurs  due  to  a 
decrease  in  hydromagnetic  turbulence  after  the  passage  of 
the  shock,  then  one  is  faced  with  the  further  difficulty  that 
the  cosmic  rays  would  escape  from  the  galaxy  unless  the 
whole  galaxy  were  surrounded  by  a  near  perfect  “leaky  box” 
with  an  anisotropic  imperfection  of  diffusive  loss  of  less  than 
10“ 3.  This  is  hard  to  imagine  in  view  of  current  galactic 
dynamo  theory  where  a  dipole  field  surrounds  the  Galaxy 
yet  at  the  same  time  inside  the  box  cosmic  rays  diffuse  rela- 
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tively  easily.  If  a  smaller  diffusion  coefficient,  D ,  is  imagined, 
then  in  a  flat  Galaxy,  Nsn  ~  d2  ~  D  and  the  probable 
anisotropy  due  to  fluctuations  becomes  large,  proportional 
to  D~112.  Hence  an  unlikely  circumstance  must  exist  of  first 
a  very  small  diffusion  coefficient  for  CS,  then  a  very  large 
one  for  isotropy,  and  finally  a  near  perfectly  symmetric  sur¬ 
rounding  leaky  diffusive  box  of  our  Galaxy. 

2.4.  Particle  scattering  losses 

It  is  well  recognized  that  in  diffusive  shock  acceleration  a 

particle  must  traverse  the  shock  many  times,  c/ushock  ~  300 

in  order  to  double  in  energy.  However,  in  order  to  return  to 
the  shock  this  number  of  times  by  random  scattering,  the 
mean  number  of  scattering  events  becomes  the  square  of 
this  number  of  crossings,  or  105  scatterings.  One  recognizes 
that  the  accelerated  particles  are  likely  to  be  the  exceptional 
ones  that  cross  the  shock  the  requisite  number  of  times  with 
fewer  scatterings,  but  exceptional  in  this  case  is  a  fraction 
less  than  the  total  number  of  particles  only  by  the  fraction 
1/s  per  doubling  where  s  is  the  above  exponent  of  the  power 
law.  Hence,  the  fractional  energy  loss  per  scattering  must  be 
very  small  for  the  average  particle,  which  is  the  particle 
“lost”  from  acceleration  by  diffusion  in  space,  down  stream 
in  the  shock  fluid  to  convection  at  each  energy.  Hence,  rec¬ 
ognizing  the  many  orders  of  magnitude  of  acceleration 
required,  in  order  not  to  modify  the  power-law  exponent 
below  the  good  agreement  with  theory,  the  fractional  irre¬ 
versible  loss  per  scattering  must  be  less  than  ~10~5  to  ~6. 
This  is  an  extraordinarily  small  loss  in  the  presence  of  what 
must  be  strong  turbulence  in  order  to  have  the  short  scat¬ 
tering  lengths  required  (~10  Larmor  orbits)  to  reach  the 
highest  energies  (Lagage  and  Caesarsky  [6]).  One  suspects 
the  excitation  of  at  least  one  mode  of  non-linear  damping  of 
the  hydromagnetic  waves  at  this  level.  Such  non-linear 
damping  induces  heating  and  hence  damping  of  those  par¬ 
ticles  furthest  ahead  of  the  shock  that  excite  the  waves  in  the 
first  place.  The  particles  furthest  ahead  are  those  of  greatest 
rigidity  and  therefore  most  sensitive  to  modifying  the  spec¬ 
trum. 

2.5.  Particle  acceleration  by  magnetospheric  shocks 
Particle  acceleration  in  quasi-parallel  magnetospheric 
shocks  as  well  as  the  expected  hydromagnetic  turbulence 
have  been  observed  by  space  craft  but  at  intensity  levels  that 
are  as  low  as  10 ”4  of  the  values  both  expected  and  neces¬ 
sary  for  shock  acceleration  (Sarris  and  Krimigis  [8],  and 
Krimigis  [9]).  The  perpendicular  shocks  on  the  other  hand 
show  significant  acceleration  as  one  would  expect  by 
trapped  Larmor  orbits  (Colgate  [10]).  These  accelerated 
particles,  however,  represent  a  small  fraction  of  the  neces¬ 
sary  acceleration  for  explaining  cosmic  rays.  One  suspects 
that  a  lower  law  spectrum  of  non  relativistic  particle  velo¬ 
cities  is  not  sufficiently  narrow  in  phase  space  to  excite  the 
hydromagnetic  turbulence  necessary  for  back  scattering  the 
particles  repeatedly  across  the  shock  front.  On  the  other 
hand  in  the  relativistic  case  of  high  energy  cosmic  rays,  the 
variance  in  rigidity  should  lead  to  a  variance  in  frequency, 
which  should  play  a  similar  damping  role. 

2.6.  Acceleration  of  electrons  by  collisionless  ion  shocks 

The  plasma  turbulence  associated  with  the  scattering  of  the 
accelerated  ions  back  and  forth  across  the  shock  is  pre¬ 


sumed  to  be  excited  by  the  anisotropy  of  the  momentum 
distribution  of  the  ions  forming  the  shock.  This  “current”  of 
ions  is  subject  to  a  local  channeling  instability  where  a  local 
current  density,  in  the  z  direction,  gives  rise  to  a  local  com¬ 
ponent  of  the  magnetic  field  in  the  (^-direction.  Hence 
locally  a  small  region  of  combined  z  and  cj>  field  or  helical 
field  or  torsional  Alven,  or  hydromagnetic  wave  is  created. 
The  dimension  of  these  helices  is  of  the  order  of  an  ion 
Larmor  orbit,  so  that  the  time  of  the  existence  of  such  a 
wave  is  of  the  order  of  an  orbit  time.  Therefore  the  phases  of 
individual  ions  will  be  scrambled  and  hence,  a  random 
group  of  such  waves  at  the  strong  turbulence  limit  should 
scatter  ions  in  the  z-direction  back  and  forth  along  (in  the 
z-direction)  in  some  10  Larmor  orbits.  This  is  the  usual 
thickness  assumed  for  the  front  of  the  collisionless  shock 
The  question  is  how  can  such  a  picture  be  made  consistent 
with  electron  acceleration  when  the  momentum  and  the 
orbit  time  of  the  electrons  is  less  by  the  mass  ratio?  The 
point  is  that  one  would  expect  electrons  to  follow  along  the 
field  lines  regardless  whether  the  lines  are  wrapped  up  in  a 
helix  or  not.  The  electrons  would  remain  adiabatic,  not 
change  their  magnetic  moment  stochastically  like  the  ions, 
and  so  would  proceed  out  ahead  of  the  collisionless  shock. 
Naturally,  if  many  electrons  proceeded  ahead  of  the  ions,  a 
strong  electric  field  of  charge  separation  would  develop,  the 
ambipolar  field.  The  integral  of  this  field  along  the  line,  or 
potential,  however,  is  limited  to  some  ten  times  the  thermal 
energy  of  the  electrons,  not  enough  to  reflect  a  few  excep¬ 
tional  accelerated  electrons  that  might  be  reflected  back  and 
forth  across  the  shock.  Therefore  it  seems  unlikely  that  a 
collisionless  shock  in  the  lowest  order  description  should 
accelerate  electrons. 

Galeev  [11]  has  discussed  the  acceleration  and  heating  of 
electrons  in  collisionless  shocks  and  finds  that  one  must  rely 
upon  the  excitation  of  strong  ion  sound  waves  by  the 
streaming  ions  in  order  to  back  scatter  energetic  electrons 
The  problem  of  the  excitation  of  strong  ion  sound  waves  by 
streaming  ions  has  had  a  long  history,  and  it  has  never  been 
shown  theoretically  or  experimentally  that  such  excitation 
takes  place. 

A  laboratory  plasma  experiment  was  performed  to 
observe  the  effect  of  a  strong  current  in  a  plasma  by  trans 
mission  of  a  short  pulse,  10“8s,  of  energetic,  0.5  MeV,  elec 
trons.  The  plasma  current,  a  linear  stabilized  pinch,  was 
strong  enough  to  excite  hydromagnetic  turbulence  sufficient 
to  scramble  the  magnetic  flux  surfaces  as  would  be  expected 
for  an  ensemble  of  torsional  hydromagnetic  waves  (Birdsall 
et  al.  [12]  and  see  Appendix  Colgate  [13],  However,  despite 
the  extreme  random  distortion  of  the  magnetic  surfaces,  the 
high  energy  electron  beam  was  transmitted  through  the 
hydromagnetic  turbulence  unattenuated.  Electron  acceler 
ation  by  collisionless  shocks  is  therefore  conceptually  a  very 
questionable  process. 

3.  The  supernova  envelope  shock  origin  of  cosmic  rays 

The  explosion  of  Type  1  supernova  leads  to  a  collisiona! 
hydrodynamic  shock  in  the  envelope  of  the  star,  (Colgate 
and  Johnson  [14],  Colgate  and  White  [15],  Colgate,  McKee 
and  Blivens  [16],  Colgate  and  McKee  [17],  Colgate  [18], 
Colgate  and  Petschek  [19],  and  a  review,  Colgate  [20,  21].) 
The  spectrum  produced  by  the  relativistic  shock  is  one 
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power  of  E  steeper  than  observed.  (The  differential  exponent 
s  is  ~3.5  rather  than  the  observed  2.6)  and  so  is  unlikely  to 
be  the  primary  source  of  cosmic  rays.  On  the  other  hand  the 
possibility  of  accelerating  ultrahigh  energy  particles  to 
>  1018eV  is  significantly  greater  than  by  collisionless  shocks 
in  the  ISM  driven  by  supernova.  The  non-relativistic  hydro- 
dynamic  supernova  shock  becomes  relativistic  at  an  external 
mass  fraction  of  (1  —  F)  =  3  •  10~6  of  the  star.  The  resulting 
ejected  relativistic  matter  energy,  (1  —  F)M0c2  —  6  • 
1048  ergs  per  SN.  This  is  only  about  f  of  what  is  necessary 
to  explain  the  galactic  cosmic  rays  energy. 

The  heavy  nuclei  are  partially  spalled  in  the  shock  tran¬ 
sition  and  partially  resynthesized  in  the  post  shock  expan¬ 
sion  for  E  <  I015eV,  depending  upon  the  large  number  of 
pairs  in  the  post-shock  fluid.  Above  this  energy  the  shock 
progresses  in  the  magnetized  photosphere,  but  still  as  a  pair 
dominated  collisional  shock.  At  some  point  the  expanding 
relativistic  matter  escapes  into  the  ISM.  There  have  been 
arguments  both  for  the  escape  of  the  accelerated  matter 
(Holman,  Ionson  and  Scott  [22],  and  Colgate  [20,  21])  and 
against  by  adiabatic  expansion  in  the  ISM  (Kulsrud  and 
Zweibel  [23],  Kulsrud  [24,  25]).  The  adiabatic  expansion 
argument  depends  upon  the  existence  of  a  collisionless 
shock  which  contains  the  relativistic  shock  ejected  matter. 
The  existence  of  such  a  collisionless  shock  in  the  ISM  has 
the  same  uncertainties  as  the  above  arguments  for  acceler¬ 
ation  by  the  CS  mechanism.  Regardless,  the  prediction  of  a 
too  steep  spectrum,  too  little  total  energy,  and  a  non  stan¬ 
dard  nuclear  composition  argue  strongly  against  this 
mechanism.  In  addition  the  supernova  envelope  shock 
suffers  a  similar  difficulty  from  anisotropy  limited  by  diffu¬ 
sion  in  the  ISM.  In  summary  a  different  mechanism  is 
needed  for  acceleration  of  cosmic  rays  that  is  isotropic, 
space-filling  and  extends  over  the  full  observed  spectrum. 

4.  Acceleration  of  CR  by  reconnection  of  magnetic  hclicity 

There  is  a  need  for  a  mechanism  to  accelerate  cosmic  rays 
universally  over  the  full  energy  spectrum,  isotropically,  and 
space  filling.  A  theory  based  upon  a  series  of  mechanisms, 
patched  to  fit  various  spectral  regions  is  less  satisfactory 
than  a  single  mechanism  that  takes  place  in  different  cir¬ 
cumstances  throughout  the  universe.  Furthermore  any 
mechanism  that  results  in  a  fractional  loss  in  number  of  par¬ 
ticles  for  a  given  fractional  gain  in  energy  results  in  a  power- 
law.  I  believe  that  the  force-free  reconnection  of  magnetic 
field  twisted  by  the  vorticity  motion  of  all  accretion  or 
gravitational  condensations  both  within  the  Galaxy  as  well 
as  the  metagalaxy  is  a  universal  circumstance  to  expect  such 
acceleration.  Mass  condensations  always  occur  with  finite 
angular  momentum.  The  winding  number  occurring  during 
the  dissipation  of  this  angular  momentum  assures  that  all 
imbedded  flux  will  undergo  continuous  winding  until  either 
the  angular  momentum  is  dissipated  or  reconnection  takes 
place.  This  assures  that  at  least  several  orders  of  magnitude 
of  twist,  i.e.  a  winding  number  of  at  least  several  hundred  or 
greater  will  take  place.  The  transition  between  this  picture 
of  transient,  multiple,  highly  twisted,  flux-tubes  within  our 
galaxy  (and  between  galaxies)  and  the  observed  state  of  rela¬ 
tively  ordered  flux  must  occur  by  reconnection.  It  is  this 
reconnection  of  force-free  field  that  of  necessity  must  lead  to 
£-parallel  acceleration.  The  acceleration  of  cosmic  rays  in 


this  picture  is  then  a  sum  of  both  individual  particles  that 
are  accelerated  in  single  coherent  regions  of  high  winding 
number  and  particle  that  undergo  random  diffusion  in 
energy  space.  These  are  particles  that  stochastically  traverse 
many  coherent  regions  of  ^-parallel  acceleration  and  decel¬ 
eration. 

An  important  distinction  exists  between  this  picture  of 
acceleration  by  force  free  reconnection  and  acceleration  by 
reconnection  in  a  turbulent  plasma.  Matthaeus  et  al.  [26] 
and  Ambrosiano  et  al.  [27]  have  suggested  the  acceleration 
of  particles  by  reconnection  in  a  turbulent  plasma  in  the 
ISM  and  recently  to  very  high  energies,  I016eV,  with  Gold¬ 
stein  et  al.  [28].  The  general  picture  of  hydromagnetic  turb¬ 
ulence  is  one  where  turbulent  mass  motions  induce  a 
stochastic  distortion  of  the  magnetic  field.  Here  the  mass 
and  the  field  motions  are  at  the  characteristic  hydro- 
magnetic  velocity  and  the  currents  are  therefore  primarily 
perpendicular  to  the  local  magnetic  field  in  order  to  gener¬ 
ate  the  pondermotive  forces.  In  the  force-free  reconnection 
acceleration  mechanism  the  currents  are  primarily  parallel 
to  the  field  by  definition.  This  circumstance  arises  because  of 
the  relatively  slow  twist  of  the  flux  tubes  by  gravitationally 
condensing  mass,  but  limited  in  the  rate  of  condensation  by 
the  transport  of  angular  momentum.  The  advantage  to 
acceleration  of  force-free  reconnection  is  that  the  electric 
field  of  reconnection  is  necessarily  along  the  field  lines 
rather  than  across  the  field.  This  allows  coherent  acceler¬ 
ation  over  great  distances  as  compared  to  a  stochastic  diffu¬ 
sion  in  energy  space  with  relatively  small  steps  of  the  order 
of  a  ~  1000  Larmor  orbits. 

4.1.  The  reconnection  theory  of  acceleration 
The  specific  angular  momentum  of  matter  in  the  galaxy 
rotating  at  an  co  —  10~8  per  year  and  a  local  radius  corre¬ 
sponding  to  roughly  one  solar  mass,  ( ~  3  pc)  is  3  -  1022cm2/ 
s.  This  is  some  2  •  104  larger  than  the  Keplerian  orbit  at  a 
solar  radius.  This  large  factor  of  excess  angular  momentum 
must  be  exchanged  with  the  Galaxy  as  a  whole  in  order  to 
form  a  star,  and  still  more  angular  mometum  must  be 
removed  in  order  to  collapse  to  a  neutron  star.  The  most 
likely  mechanism  for  the  transport  of  this  angular  momen¬ 
tum  is  by  a  turbulent,  a-viscosity  in  the  disk -like  accretion 
of  a  star  through  the  T-tauri  stage.  (If  the  torque  is  transmit¬ 
ted  by  magnetic  stress,  this  makes  the  following  effects  even 
larger.)  Similarly,  the  magnetic  flux  threading  the  original 
matter  at  the  density  of  the  ISM  is  also  orders  of  magnitude, 
x  300,  larger  than  the  flux  that  would  allow  compression  to 
a  solar  radius.  Furthermore  the  observed  external  flux  of  the 
Sun  and  typical  other  stars  is  10“ 6  to  ~1  times  less  than  this 
formation  limit.  Hence  magnetic  flux  must  also  be  expelled 
from  the  condensing  matter  as  well.  Therefore  this  flux,  in 
order  to  escape  the  matter,  must  undergo  reconnection 
during  the  process  of  condensation.  However  the  sub¬ 
sequent  winding  or  twisting  of  this  residual  flux  requires  a 
far  larger  reconnection  process  since  the  winding  produces  a 
far  larger  total  flux  than  the  original  flux. 

The  picture  at  every  stage  of  condensation  is  that  of  a 
helical,  twisted  flux  tube  that  extends  some  50  to  100  turns 
beyond  the  source.  The  number  of  turns  is  intepreted  obser- 
vationally  from  the  topology  of  the  “jets”  or  collimated 
radio  sources  which  are  presumed  to  be  just  these  helical 
flux  tubes  from  accretion  onto  the  black  holes  of  AGN. 
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They  become  illuminated  in  the  radio  by  the  accelerated 
electrons  due  to  the  reconnection  of  the  force-free  flux  of  the 
twisted  flux  tube.  The  same  picture  applies  to  the  bi-polar 
flows  observed  in  star  formation.  The  relation  between  the 
number  of  turns  and  the  angle  of  the  “jet”  is  that  the 
minimum  energy  force-free  field  of  the  helix  is  close  to  a  45 
degrees  where  the  (j)  and  z  components  of  the  field  are  equal. 
Hence  the  number  of  turns,  n,  will  be  of  the  order  (1/jet 
angle)  x  In  ( LmaJRmin ),  or  several  hundred. 

It  is  assumed  that  the  reconnection  dissipates  the  total 
current  associated  with  the  B #  component  of  the  field.  If  this 
current  is  interrupted  as  a  sequence  of  multiple  reconnection 
events,  but  phased  along  a  local  flux  surface  at  c  by  the 
accelerated  particles  themselves,  the  total  potential  becomes 
of  the  order: 

V  =  nBmax  Rmin  300(27 r  In  n)  =  2  •  1022  eV. 

where  Bmax  =  103  gauss,  the  limiting  magnetic  field  around 
an  AGN  black  hole  and  at  six  times  the  Schwartzschild 
radius,  and  Rmin  =  1  AU. 

Accretion  onto  neutron  stars,  cataclysmic  variables,  and 
T-tauri  stars  will  all  lead  to  tearing  mode  reconnection 
associated  with  all  mass  condensations.  The  bi-polar  flows 
that  are  now  frequently  observed  in  the  radio  maps  of  star 
forming  regions  correlate  with  this  process.  The  energy  of 
these  condensations  alone  is  sufficient  by  many  orders  of 
magnitude  to  maintain  the  cosmic  rays  of  our  Galaxy.  Let 
us  assume  that  the  star  formation  rate  is  10  M0  per  year  and 
that  magnetic  field  decouples  from  the  accreting  matter  at  a 
disk  radius  of  1  AU  where  pressure  support  of  the  forming 
star  would  become  comparable  to  the  a-viscosity.  Then  the 
energy  released  by  star  formation  at  this  decoupling  radius 
becomes; 

E  =  M  — —  =  2  •  1047  ergs  year-1. 

In  the  life-time  of  cosmic  rays  of  107  years  this  rate  corre¬ 
sponds  to  2  •  1054ergs.  This  is  equal  to  that  required  to 
make  the  CR  flux  corresponding  to  a  total  cosmic  ray 
energy  content  of  the  Galaxy  of  2  •  1054ergs.  In  addition  the 
wrapping  up  of  the  flux  generated  by  the  dynamo  of  each 
star  during  its  life  time  should  increase  the  available  mag¬ 
netic  field  energy  by  10  to  100  fold,  and  by  neutron  stars  a 
further  factor  of  100.  Finally  if  the  magnetic  field  of  the 
Galaxy  is  conductively  attached  to  a  larger  mass  of  matter 
in  the  IGM,  a  comparable  energy  in  helical  sheared  field 
will  be  created.  Therefore  the  free  energy  in  force  free  mag¬ 
netic  field  stress  should  be  many  orders  of  magnitude  larger 
than  necessary  to  accelerate  the  cosmic  rays. 

5.  Experiments 

In  order  to  choose  which  of  the  many  complicated  processes 
are  primary  in  producing  the  acceleration  of  cosmic  rays,  we 
need  some  guidance  from  the  laboratory  experiments.  Since 
every  proposed  mechanism  for  the  acceleration  of  cosmic 
rays  depends  upon  the  existence  of  relatively  strong  mag¬ 
netic  fields,  either  stellar  or  Galactic,  where  “strong” 
implies  equipartition  between  dynamical  stress  and  mag¬ 
netic  field  stress,  the  most  fundamental  process  is  the 
dynamo  itself.  Although  a  large  amount  of  effort  has  been 
spent  on  the  theory  and  numerical  modeling  of  the  dynamo 


process  (see  Roberts  and  Soward  [29]  for  a  current  review), 
no  experiment  has  yet  been  able  to  demonstrate  that  the 
models  are  correct.  In  preparation  for  this  meeting,  such  an 
experiment  was  designed. 

There  are  two  kinds  of  proposed  dynamos:  the  first  is  the 
so-called  fast  dynamo  originally  proposed  in  part  by  Alven 
[30]  and  in  the  more  complete  form  by  Vainshtein  and  Zel- 
dovich  [31].  Here  a  loop  of  flux,  fully  imbedded  in  a  con¬ 
ducting  medium  is  first  stretched,  twisted,  folded  and 
reconnected.  See  current  work  by  Childress  et  al.  [32]  and 
Finn  et  al.  [33].  The  second  kind  of  dynamo  is  the  so-called 
< x-ft>  dynamo.  I  believe  that  it  is  more  applicable  to  a  star  or 
the  conducting  interior  of  a  planet  because  of  the  physical 
deformations  of  the  fluid.  Here  the  u>  deformation  is  the 
continuous  internal  wrap  up  of  a  bias  field  by  a  differential 
rotation  of  the  bulk  motion  of  the  interior  of  the  star.  This 
wrap  up  produces  an  increase  in  the  toroidal  field  entirely 
interior  to  the  conducting  media.  The  bias  field  is  a  poloidal 
field  that  has  the  special  feature  that  it  extends  external  to 
the  conducting  media  and  is  therefore  observed.  The  bias 
field  also  experiences  the  special  condition  of  reconnection 
both  at  the  surface  separating  the  conducting  media  from  an 
external  partially  insulting  “vacuum”  region  and  within  the 
partially  insulating  medium.  The  a  deformation  converts  a 
small  fraction  of  the  amplified  internal  toroidal  field  into  the 
poloidal  bias  field. 

The  importance  of  plume  type  convection  to  the  “a” 
deformation  of  the  a -co  dynamo  is  just  now  recognized.  The 
convective  motions  of  the  convective  region  of  a  star  arc 
primarily  large  bubbles  or  plumes  that  because  of  rapid 
expansion  and  small  entrainment,  approximately  preserve 
both  entropy  and  angular  momentum.  In  a  rotating  body 
and  because  of  the  partial  conservation  of  the  angular 
momentum,  the  plume  rotates  more  slowly  as  it  expands. 
This  twist  relative  to  the  bulk  motion  and  the  buoyancy 
driven  vertical  motion  constitute  the  “a”  deformation. 

The  combination  of  these  motions  for  producing  an  a-<» 
dynamo  allows  the  possibility  of  an  experimental  analog 
using  the  hydromagnetic  fluid  of  the  liquid  metal  sodium  or 
sodium-potassium  alloy,  called  “NaK”.  Similarly  we  can 
perform  laboratory  plasma  experiments  to  observe  recon 
nection  in  the  near  vacuum  limit  and  the  resulting  parallel 
electric  field  and  hence  acceleration.  Without  laboratory 
experiments,  shock  acceleration  is  uncertain  because  of  non 
linear  plasma  effects.  A  partial  list  of  astrophysical  experi¬ 
ments  relevant  to  acceleration  follows: 

(1)  A  mock-up  of  the  ot-u>  dynamo  process  using  liquid 
Na  as  a  hydromagnetic  fluid.  The  origin  of  the  a  component 
of  dynamo  theory  in  real  circumstances  like  stars,  galaxies, 
and  planets  is  questionable.  An  experiment  can  demonstrate 
that  a  diverging  plume  in  a  rotating  frame  produces  the 
necessary  a.  effect  whereas  smaller  scale  uniform  turbulence 
is  unlikely  to. 

(2)  A  plasma  “pinch”  experiment  can  be  done  that  simu¬ 
lates  the  formation  of  a  collimated  radio  source  originating 
from  an  accretion  disk.  The  presumed  collimated  helical 
magnetic  field  structure  can  be  formed  by  either  an  accre¬ 
tion  disk  around  a  black  hole  or  by  an  accretion  disk  at  an 
early  stage  of  star  formation.  Both  the  hydromagnetic  con¬ 
figuration  of  a  force-free  helical  field  as  well  as  the  expected 
acceleration  due  to  reconnection  should  be  observable  in  a 
laboratory  plasma  experiment.  A  plasma  code,  numerical 
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simulation  would  give  a  greater  degree  of  confidence  of 
extending  the  experimental  results  to  astrophysical  circum¬ 
stances. 

(3)  The  self-triggering  of  a  reconnection  event  in  a  force 
free,  sheared  (current  carrying)  plasma  by  relativistic  run¬ 
away  electrons.  This  would  simulate  one  explanation  of  the 
acceleration  of  the  highest  energy  cosmic  rays.  This  needs  to 
be  done  in  a  tokamak  that  has  been  retired  from  active 
fusion  research.  The  interruption  events  in  Tokamaks  are 
well  recognized  to  result  in  the  confined  acceleration  of  a 
run  away  beam  of  multi-MeV  electrons  that  can  severely 
damage  the  metal  vacuum  liner. 

(4)  The  formation  of  a  strong  hydromagnetic  shock  in  the 
laboratory  with  enough  Larmor  orbits  in  dimension  (about 
100).  This  would  allow  the  investigation  of  the  first  order 
Fermi  shock  acceleration  process.  The  presumed  excitation 
of  the  pre-shock  hydromagnetic  waves  can  be  diagnosed  by 
a  pulsed  electron  beam  that  maps  the  shear  in  a  bundle  of 
lines  or  flux  tube  on  which  torsion  hydromagnetic  waves, 
which  are  self  excited  by  anisotropic  high  energy  ions.  These 
flux  lines  would  be  those  that  threaded  along  the  oblique 
lines  of  force. 

5.1.  The  dynamo  experiment 

An  oc-w  dynamo  is  characterized  by  a  “dynamo  number” 
defined  by  the  product  of  the  two  Reynolds  numbers,  R0J  of 
the  0}  deformation  and  Rx  of  the  a  deformation,  or  Rw  Rx . 
This  product  has  been  estimated  by  Parker  [34]  as  required 
to  be  ~  1000  in  order  to  achieve  positive  gain,  i.e.  to  make  a 


Fig.  1.  The  liquid  sodium  a -co  dynamo  experiment.  Here,  meridianal  circu¬ 
lation  within  a  cylindrical  tank  of  liquid  sodium  is  driven  by  a  turbine  at 
one  end.  A  piston  within  a  smaller  diameter  cylinder  drives  axial  jets.  These 
jets  in  turn  create  axial  plumes  directed  towards  the  opposite  end  of  the 
tank. 


Fig.  2.  The  field  created  by  the  bias  coil.  This  field  is  poloidal  and  is  pri¬ 
marily  radial  in  the  central  region  where  meridional  flow  creates  a  region  of 
differential  rotation.  The  bias  field  is  a  convenience  for  measurements  and 
does  not  play  a  fundamental  role. 


Fig.  3.  The  meridional  flow  with  the  azimuthal  velocity  component  pro¬ 
portional  to  r~ 1  or  to  proportional  to  r~ 2.  This  flow  is  driven  at  one  end  by 
the  turbine  with  excess  angular  momentum,  and  a  small,  non-rotating 
Eckman*  layer  flow  at  the  opposite  end  short  circuits  some  of  the  turbine 
driving  flow.  The  axial  flow  is  shown  as  thin  Eckman  layers  at  the  non- 
rotating  surfaces.  The  radial  flow  is  comprised  of  the  turbine  flow  at  one 
end,  a  smaller  oppositely  directed  Eckman  layer  flow  at  the  opposite  end, 
and  an  average  radial  inward  flow  throughout  the  volume. 


*  An  Eckman  layer  is  a  layer  of  fluid  separating  a  rotating  fluid  from  a 
stationary  (different  rotational  velocity,  to)  boundary.  Viscosity  produces  a 
layer  of  fluid  with  different  co  and  hence  with  different  buoyancy  relative  to 
the  main  flow.  The  buoyancy  drives  a  rapid  circulation  of  the  fluid  of  the 
layer;  the  viscous  drag  is  a  slow  diffusion.  Hence  the  layer  is  thin. 


dynamo  work.  However,  the  minimum  value  of  this  number 
depends  upon  the  ratio  of  the  characteristic  dimensions  of 
the  two  different  deformations.  These  two  Reynolds 
numbers  can  be  defined  in  terms  of  the  magnetic  diffusion 
coefficient,  Z)Na,  of  the  liquid  metal  at  100  °C  or  of  Dplasma  of 

Differential  rotation  due  to  conservation  of  angular 


Fig.  4.  The  increased  toroidal  field  due  to  “wrapping  up”  or  twisting  of  the 
radial  bias  field.  Axial  jets  are  also  shown  that  diverge  as  plumes  when  they 
reach  the  end  wall.  They  carry  a  fraction  of  the  toroidal  flux  to  the  end  wall 
where  the  divergence  of  the  flow  both  exposes  the  trapped  flux  to  the  lower 
conductivity  (or  insulator)  of  the  end  wall  allowing  a  fraction  of  the  flux 
loop  to  escape  the  tank  as  a  potential  field.  A  twist  of  the  loop  occurs 
because  the  plume  increases  in  radius  as  it  diverges  at  the  end  wall.  At 
roughly  constant  angular  momentum,  the  angular  velocity  decreases  rela¬ 
tive  to  the  parent  fluid  so  that  the  to  of  the  plume  is  roughly  \  to  j  of  the  co 
of  the  meridional  flow.  This  differential  rotation  is  depicted  by  the  fewer 
circulation  arrows  of  the  plumes  relative  to  the  main  flow.  The  relative 
twist  produced  by  this  difference  in  to  rotates  the  loop  of  flux  into  the 
poloidal  plane.  The  merging  of  these  poloidal  loops  adds  to  the  original, 
poloidal,  bias  field. 
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Fig.  5.  An  analog  of  the  dynamo  experiment.  A  d.c.  generator  has  two  sets 
of  field  coils.  One  set,  which  corresponds  to  the  d.c.  bias  field  of  the 
dynamo  experiment  is  driven  by  a  battery  producing  a  bias  field  current. 
This  current,  /0,  produces  an  output  voltage,  V0,  where  V0  =  r/0  and 
where  T  is  a  gain  factor.  If  the  armature  were  short  circuited  on  itself,  the 
resulting  current  and  magnetic  field  would  be  the  analog  of  the  dynamo 
meridional  circulation,  which  wraps  up  the  bias  field  into  a  large  toroidal 
field.  In  addition  a  second  set  of  field  coils,  the  generator  coils,  with  the 
same  gain  factor,  T,  are  connected  in  series  through  a  switch  with  the 
armature,  which  is  driven  at  constant  speed  by  the  motor.  This  connection 
and  the  output  voltage  due  to  the  increase  in  the  total  field,  is  the  analog  of 
the  “a”  part  of  the  dynamo.  This  generator  is  built  similar  to  the  older 
electric  starter  motor  in  your  automobile.  The  bias  field  is  the  residual 
magnetism  of  the  field  core  iron.  The  voltage  generated  by  the  generator 
coils  with  current,  I,  is  V  =  T/.  This  set  of  coils  and  armature  have  a 
lumped  series  resistance  R  and  an  inductance  L.  If  the  inductance  is 
neglected  and  if  T/R  <  1,  then  the  voltage  at  steady  state  becomes  V  = 
K0/(l  —  T/R).  If  the  inductance  is  included,  then  when  the  switch  is  closed 
the  voltage  becomes; 


In  other  words  the  voltage  approaches  the  same  steady  state  with  the  char¬ 
acteristic  time  constant  L/R.  The  absolute  value  of  the  voltage  depends 
only  upon  the  ratio,  r/R.  If  this  ratio  is  equal  to  unity,  the  generator 
output  increases  until  the  power  is  limited  by  the  motor.  This  is  then  the 
analog  of  a  successful  self-generating  dynamo.  On  the  other  hand,  if  T/R  is 
small  compared  to  unity,  there  will  be  a  small  fractional  incremental 
increase  in  voltage  (above  V0)  of  order  r/R.  There  will  also  be  a  small 
fractional  increase  in  the  total  field  current,  /.  Similarly  for  a  dynamo  with 
small  or  marginal  gain,  there  will  be  a  small  increase  in  the  external  bias 
field.  It  is  this  case  of  small  gain  that  we  expect  for  the  initial  experiment. 
This  small  increase  in  the  external  poloidal  field  indicates  partial  gain.  This 
partial  gain  should  then  depend  upon  velocity,  plume  frequency,  and  plume 
initial  angular  momentum  in  a  fashion  predictable  by  modeling  and  theory. 
A  larger  size,  higher  velocity,  more  efficient  plumes  will  then  presumably 
lead  to  a  dynamo  with  T/R  3=  1. 


a  plasma  or  L>coppcr  etc.  Here,  D  =  r]cmJAn,  where  t?erau  = 
10 9t?ohms.  In  cgs  units:  DNa  =  716,  Dcopper  =  135  and 
Dpiasma  =  2.0  •  106ZTc"v3/2cm2s_1.  (Here,  In  A  is 
chosen  =  10.)  Liquid  sodium  is  the  optimum  analog,  or 
experimental  hydromagnetic  fluid  because  of  density  and 
electrical  resistivity  (Colgate,  Furth  and  Haliday  [35]).  The 
alkali  metal  alloy,  Na  plus  K,  is  more  convenient  to  use 
because  it  is  a  liquid  at  room  temperature,  but  its  resistivity 
is  more  than  four  times  greater  than  that  of  liquid  Na  at  its 
melting  point  of  100  °C.  Using  Na  for  the  experimental  fluid, 
the  magnetic  Reynolds  number  becomes: 

Kmag  =  vr/D;  using  DNa  then  Rmag  =  w/716, 

where  v  and  r  are  the  characteristic  velocity  and  dimension 
of  the  respective  flows,  a  and  co. 

5.2.  Fluid  friction 

In  order  to  maximize  Rmag,  a  high  velocity  of  the  fluid  is 
required,  but  this  increases  the  fluid  friction  and  hence  the 
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power  required  to  drive  the  fluid  motions.  If  the  boundary 
of  the  flow  has  a  dimension  L  then  the  dissipation  due  to 
fluid  friction  over  the  surface  area,  (A  ~  4 nl3)  becomes : 

power  =  ACfpv3/2. 

If  the  flow  dimensions  corresponding  to  a  and  w  are  a  frac¬ 
tion,  8,  of  the  boundary  dimensions  such  that  r  =  5L,  then 
the  power  becomes 

power  =  2n(Rm3i  DUJ8)3C(/L. 

For  liquid  sodium,  p  =  1,  and  the  coefficient  of  fluid  friction, 
C[,  is  approximately  1/400,  corresponding  to  high  (fluid) 
Reynolds  number  flow  and  neglecting  the  enhanced  friction 
due  to  Eckman  layer  flow.  Also  for  the  co-flow  one  might 
achieve  <5  =  \.  Then 

power  =  5  •  10~3R3/L  kW. 

For  example  a  120  cm  diameter  cylinder,  60  cm  in  length 
driven  by  2.5  kW  of  power  might  achieve  a  value  of  Rmag  — 
32  for  the  co  term. 

The  a  flow  is  created  by  episodic  plumes  or  jets  of  dimen 
sion  r/4  at  a  velocity  of  roughly  2v.  Hence,  Ra  =  16.  The 
product  of  the  two  magnetic  Reynolds  numbers,  the 
dynamo  number,  is  500,  somewhat  less  than  presumed  to  be 
required,  ~  1000,  but  the  frequency  of  the  episodic  plumes  is 
an  additional  variable  that  can  decrease  this  limit. 

The  experiment  would  use  a  finite  bias  poloidal  magnetic 
field  so  that  the  magnetic  sensors  are  less  expensive,  but  in 
addition  if  the  dynamo  gain  is  less  than  unity,  then  a  very 
much  smaller  gain,  less  than  1%,  can  be  detected  as  an 
incremental  change,  or  increase  in  the  poloidal  field.  There¬ 
fore,  one  can  explore  dynamo  action  on  very  much  smaller 
scales  provided  the  goal  of  large  gain  is  given  up.  Figures 
1-5  illustrate  such  an  experiment  including  a  standard  d.c- 
generator  which  is  an  analog  of  the  dynamo  experiment. 

5.3.  The  plasma  pinch/collimated  radio  source  experiment 
The  helical  hydromagnetic  field  structure  produced  by  an 
accretion  disk  is  shown  in  Fig.  6.  Here  an  initial  bias 
through  the  disk  is  wound  up  many  turns  by  the  Keplerian 
orbital  motions  of  the  disk.  The  minimum  force-free  field 
configuration  is  a  diverging  helix.  The  limiting  extent  is  pri¬ 
marily  determined  by  the  reconnection  of  the  various  flux 
surfaces  comprising  the  helix.  An  experiment  to  produce  this 
field  configuation  is  shown  in  Figs  7  and  8.  The  objective  of 
the  design  is  to  minimize  the  cost  and  yet  maintain  a  high 
enough  magnetic  Reynolds  number  that  the  conducting 
limit  is  achieved.  The  limiting  temperature  in  a  laboratory 
experiment  of  a  one-ended  pinch  is  discussed  in  the  context 
of  solar  flares  in  Colgate  [13]  and  references  are  given  to  the 
corresponding  laboratory  work.  The  agreement  between  the 
laboratory  scale  and  the  solar  flare  scale  gives  confidence  to 
the  scaling  parameters.  Hence,  one  can  estimate  a  mean 
plasma  temperature  of  roughly  20  eV  where  ionization  of  a 
hydrogen  plasma  is  complete.  (Neutral  atoms  strongly 
damp  the  desired  hydromagnetic  effects  because  of  charge 
exchange).  Then,  the  magnetic  diffusion  coefficient  of  the 
plasma  becomes, 

^plasma  =  2.0  •  106ZTev3/2  cm2  s “ 1  =  2  •  104  cm2  s"1 

so  that  Rem  =  rv/D  =  5.4  •  103  for  r  =  30cm  and  v  — 
3  •  107cms_1.  These  values  are  chosen  on  the  assumption 
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Fig.  6.  The  hydromagnetic  field  configuration  produced  by  a  poloidal  bias 
magnetic  field  convected  by  the  accreting  plasma  of  an  accretion  disk  as  for 
example  around  a  star  or  black  hole.  The  vertical  helical  structure  is  the 
nested  twisted  flux  tubes  produced  by  the  lines  of  force  threading  the  accre¬ 
tion  disk.  The  differing  pitch  of  the  lines  of  force  is  due  to  both  the  force- 
free  field  condition  as  well  as  the  radially  differing  Keplerian  orbital 
velocities.  (Figure  by  Ramond  Laflamme,  T-6,  LANL). 


that  the  experimental  values  of  B  ~  5000  gauss  and  that 
nD  =  1014cm-3.  The  resulting  capacitor  bank  energy  is  then 
3  •  105  joules  if  the  length  is  10 meters.  This  is  sufficiently 
large  so  that  one  might  observe  a  winding  number  of 
ReiJ( 3  *  2n)  =  200  turns.  Here,  the  factor  of  |  is  an  estimate 
of  the  radius  where  the  inner  half  of  the  current  flows.  The 
reason  for  choosing  such  a  high  axially  velocity  of  the  helix 
(figuratively  the  velocity  of  the  jet)  is  that  one  desires  a 
velocity  high  enough  so  that  the  initial  neutral  gas  will  be 
ionized  by  the  electron  drift  energy  (Colgate  [36])  which  in 
turn  is  due  to  the  kinetic  energy  of  the  ions.  At 
3  •  107cms-1  the  kinetic  energy  of  a  deuterium  ion,  the  pre¬ 
ferred  ion,  is  lOOOeV.  This  is  high  enough  to  ensure  com¬ 
plete  ionization,  as  well  as  make  up  for  losses.  Since  the 
magnetic  helix  is  presumed  to  be  force  free  in  the  astro- 
physical  circumstance,  in  the  experimental  case,  the  hydro- 
magnetic  velocity  must  be  larger  than  the  axial  velocity,  or 
roughly  phydmag  =  3  *  107cms_1.  This  large  hydromagnetic 
velocity  means  that  the  density  must  be  low,  or  the  field 
strength  large.  If  the  field  strength  is  large,  the  magnetic 
energy  supplied  by  the  capacitors  must  be  large  and  there¬ 
fore  the  cost  will  be  excessive.  A  low  density,  on  the  other 
hand,  is  limited  by  the  electron  velocity  of  the  current  car¬ 
riers  that  would  induce  Alven  instabilities.  A  compromise  of 
all  these  factors  suggests  an  electron  or  ion  density  of  ne  —  1 
to  2  ■  10 14 cm-3.  A  gradient  of  the  initial  gas  density  (as 
from  a  pulsed  valve),  allows  the  initial  discharge  to  form  at 
higher  density,  but  then  the  helix  should  progress  ahead  of 
this  higher  density  plasma  into  a  region  of  lower  density 
where  the  force-free  condition  is  more  closely  met.  In  addi¬ 
tion  the  run-away  condition  (i.e.  acceleration)  would  take 


Fig.  7.  A  laboratory  plasma  physics  experiment  that  should  permit  the 
observation  of  the  helical  flux  surfaces  produced  by  an  accretion  disk.  The 
bias  field  coils  are  arranged  so  that  the  poloidal  field  strength  simulates  the 
axial  field  component  expected,  B  =  B0r~312.  The  bias  field  flux  lines  close 
outside  the  insulating  walls  of  the  vacuum  system.  The  electrodes  are  rings 
connected  to  a  series  of  condenser  banks.  The  respective  voltages  and  the 
resulting  electric  fields,  E  —  E0r~2,  produce  the  azimuthal  velocities  corre¬ 
sponding  to  the  Keplerian  orbits  of  an  accretion  disk.  The  length  of  the 
actual  experiment  should  be  enough  to  demonstrate  roughly  10  turns  of  the 
inner  half  diameter,  or  16  diameters. 


Fig.  8.  The  bias  field  lines  for  the  above  one-ended  plasma  pinch.  The 
magnetic  field  distribution  is  shown  below  the  coils  and  bottom  electrodes. 
A  peak  field  of  roughly  5  kg  falls  off  as  r~312  in  order  to  simulate  the  axial 
field  advected  in  and  diffused  outward  in  an  accretion  disk  (G.  Willett, 
private  communication).  The  values  chosen  for  the  voltage  and  stored 
energy  of  the  capacitor  banks  in  Fig.  7  are  chosen  to  simulate  the 
Keplerian  velocity  of  an  accretion  disk  at  various  radii,  proportional  to 
r~112. 
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place  due  to  the  lower  density  as  well  as  reconnection  insta¬ 
bilities. 

5.4.  T okamak  run-away  acceleration  experiment 

As  the  density  of  the  plasma  decreases  in  a  tokamak  dis¬ 
charge  due  to  diffusion  processes,  the  current  must  be 
carried  by  a  smaller  number  of  electrons.  The  inductive 
energy  or  magnetic  energy  of  this  current  then  accelerates 
fewer  and  fewer  electrons  to  higher  energy.  Because  of  the 
high  degree  of  perfection  of  the  magnetic  surfaces,  the  run¬ 
away  particle  confinement  is  good  and  the  accelerated  elec¬ 
trons  remain  within  the  field  configuration.  Hence  their 
energies  can  become  very  great,  10  to  100  Me V,  and  the 
total  energy  of  the  run-away  beam  is  enough  to  do  damage 
to  the  walls  of  the  confinement  vessel  (Wesson  et  al.  [37] 
and  Gill  [38]).  This  damage  is  expensive  to  repair,  a  hole 
melted  through  the  vacuum  vessel  liner,  and  so  the  circum¬ 
stances  of  this  “fault”  occur  rarely  and  in  successful 
machines  not  at  all.  This  process  is  therefore  to  be  avoided 
with  great  care  in  the  usual  plasma  experiments.  A  pulsed 
gas  valve  ensures  that  the  density  never  falls  low  enough  to 
approach  the  run-away  condition.  On  the  other  hand,  this  is 
just  the  circumstance  that  is  most  likely  to  demonstrate 
acceleration  in  astrophysics.  Nearly  all  of  the  free  energy  of 
the  field  configuration  is  transformed  to  accelerated  par¬ 
ticles. 

This  condition  can  be  induced  and  experimentally  investi¬ 
gated  in  a  tokamak  machine  that  is  no  longer  dedicated  to 
fusion  plasma  confinement  experiments.  Of  course,  care 
would  be  needed  to  prevent  a  concentrated  dumping  of  the 
accelerated  beam  energy  at  one  point  on  the  liner,  but  coils 
that  destroy  the  perfection  of  the  magnetic  surfaces  should 
allow  a  more  gradual  and  more  dispersed  in  area  dumping 
of  the  beam.  One  should  then  be  able  to  investigate  the 
process  of  an  induced  tearing  mode  instability,  phased  by 
the  accelerated  particles  themselves 

5.5.  Collisionless  shock  acceleration  experiment 

A  collisionless  shock  experiment  in  the  laboratory  requires 
driving  a  strong  shock  into  a  pre-ionized  magnetized 
plasma.  The  only  practical  piston  is  another  rapidly  rising 
magnetic  field.  The  constraints  that  must  be  met  are: 

(1)  The  number  of  Larmor  orbits  in  dimension  must  be 
large  enough  to  make  a  valid  test  of  collisionless  shock 
theory,  a  number  of  the  order  of  100. 

(2)  The  damping  by  collisions  must  be  small  enough  so 
that  velocity  phase  space  instabilities  are  not  stabilized  by 
isotropization.  The  number  of  collisions  should  then  be  less 
than  l/(number  of  Larmor  orbits). 

(3)  The  cost  determines  feasibility.  The  cost  is  nearly  pro¬ 
portional  to  the  magnetic  energy,  or  in  turn  to  the  size  of 
the  capacitor  bank  required  to  supply  the  energy.  A  reason¬ 
able  goal  for  a  university  scale  experiment  is  a  total  capa¬ 
citor  bank  energy  less  than  several  times  105  J. 

Let  the  distance  the  shock  traverses  be  L,  measured  in 
Larmor  orbits,  RL,  so  that  L  =  VRl  where  T  is  the  primary 
measure  of  the  test  of  the  plasma  physics  of  the  experiment. 
In  addition  the  preferred  ion  is  deuterium,  because  it  has  the 
minimum  scattering  cross  section  for  maximum  mass  and 
minimum  radiation  loss.  Then 

L  =  TRl  =  200  rElei2/B  cm. 

Physica  Script  a  T52 


Since  the  build-up  of  velocity  phase  space  instabilities  is 
likely  to  be  very  sensitive  to  the  velocity  distribution  func¬ 
tion  and  therefore  to  the  collisional  damping,  the  number  of 
scattering  events  in  the  distance  L,  should  be  of  the  order 
1/T,  so  that  the  mean  free  path,  A,  should  be 

A  =  r  2rl. 

Since  the  Coulomb  cross  section  is  a  function  of  energy  and 
only  weakly,  logarithmically,  a  function  of  density,  it  can  be 
approximated  to  give 

l  =  1.6  •  1012£2v/nD  cm, 

where  nD  is  the  plasma  number  density. 

The  shock  must  be  driven  at  a  velocity,  »s ,  such  that  the 
particle  pressure  is  approximately  the  magnetic  pressure,  or 
equivalently,  that  the  shock  speed  is  the  hydromagnetic 
speed.  This  gives  the  relation  that 

pv2  =  B2/8n. 

With  these  relationships  and  expressing  the  results  in  terms 
of  T  =  100,  or  Tjoo  and  the  kinetic  energy  of  the  ions  in 
units  of  a  keV,  one  obtains: 

L  =  3.3£kcyF300  m 

B  =  1.9E?2rw20  kg 

nD  —  4.8  •  1013£keVr[o4o  cm-3. 

The  total  energy,  W,  becomes 

W  =  13£k"ev  T300  MJ, 

and  the  time  for  the  shock  to  traverse  the  dimension,  L, 
becomes 

ts  =  10£kcv/2r3oo  ps. 

For  T  =  100,  the  energy  is  of  the  order  of  the  “Zeus”  capa¬ 
citor  bank  at  Los  Alamos,  dismantled  several  years  ago,  but 
for  T  =  50,  and  £  =  300  eV  the  dimensions  and  energy  are 
feasible.  The  turbulence  excited  on  the  field  lines  by  the 
anisotropic  velocity  distribution  of  the  shocked  particles  can 
be  measured  by  a  pulsed  electron  beam  as  in  Colgate  [13] 
and  Birdsall  et  al.  [12].  Therefore  a  modest  test  of  particle 
acceleration  by  a  collisionless  shock  can  be  performed  in  the 
laboratory,  but  the  relativistic,  truly  collisionless  case  is 
uniquely  the  domain  of  astrophysical  space. 

6.  Summary 

Five  problems  of  shock  acceleration  for  the  production  of 
cosmic  rays  have  been  discussed  in  the  context  of 
astrophyisical  conditions.  Because  of  these  difficulties,  an 
alternate  explanation  has  been  given  where  reconnection  of 
twisted  magnetic  fields  (from  condensation,  accretion,  and 
conservation  of  angular  momentum)  accelerates  particles 
along  field  lines.  The  acceleration  is  coherent  provided  the 
reconnection  is  coherent,  in  which  case  the  total  flux,  as  for 
example  of  collimated  radio  sources,  predicts  single  charge 
accelerated  energies  much  greater  than  observed.  The  same 
acceleration  process  should  occur  during  the  formation  of 
stars  associated  with  the  T-tauri  phase  and  bi-polar  out¬ 
flows.  Because  of  the  ubiquitous  nature  of  matter  conden¬ 
sations  in  the  universe,  the  acceleration  is  inherently 
isotropic  and  space-filling  in  nature. 
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Four  laboratory  experiments  are  suggested  that  would 
form  the  basis  of  a  substantiated  science  of  plasma  processes 
of  acceleration.  These  include  an  <x-co  dynamo  using  liquid 
sodium,  a  one-ended  plasma  pinch  that  simulates  the  forma¬ 
tion  of  collimated  radio  sources  or  bi-polar  out-flows, 
reconnection  in  a  tokamak  which  simulates  acceleration  by 
coherent  reconnection,  and  finally  a  collisionless  shock 
experiment  to  simulate  shock  acceleration. 
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Abstract 

Nonlinear  kinetic  equations  describing  cosmic  ray  propagation  in  a  scat¬ 
tering  medium  are  analyzed.  The  scattering  is  determined  by  cosmic  ray 
interactions  with  MHD-fluctuations.  We  consider  a  self-consistent  model  in 
the  framework  of  MHD-wave  radiation  by  the  cosmic  rays.  Our  investiga¬ 
tions  show  that  in  the  model  the  region  in  which  cosmic  rays  are  confined 
occurs  naturally  around  the  disk  of  cosmic  ray  sources.  Beyond  the  bound¬ 
ary  the  scattering  is  not  effective  giving  rise  to  the  run-away  flux  of  cosmic 
rays.  This  process  of  cosmic  ray  flux  focusing  just  describes  particle  excape 
from  the  Galaxy. 


The  propagation  of  fast  particles  in  the  interstellar  medium 
is  mainly  determined  by  their  interaction  with  the  electro¬ 
magnetic  fields  excited  in  the  cosmic  plasma.  The  most 
important  feature  of  this  interaction  of  the  particles  with  the 
waves  is  its  resonance  character,  i.e.  the  frequency  of  the 
wave  is  a  multiple  of  the  frequency  of  the  cyclotron  rotation 
of  the  particle  in  the  regular  magnetic  field  H0 .  One  of  the 
sources  of  these  resonance  waves  is  the  flux  of  cosmic  rays 
itself.  This  flux  generates  (radiates)  MHD-waves  in  the  inter¬ 
stellar  medium  by  amplifying  weak  initial  fluctuations.  So 
the  process  of  cosmic  ray  propagation  is  described  by  a 
complex  system  of  kinetic  equations  describing  processes  of 
charge  particle  scattering  and  wave  radiation.  The  analysis 
of  these  equations,  however,  is  rather  difficult  and  the  pro¬ 
cesses  of  cosmic  ray  (CR)  propagation  in  the  interstellar 
medium  is  usually  investigated  in  the  framework  of  different 
phenomenological  models  such  as  the  leaky-box  model,  dif¬ 
fusion  or  convective  models,  etc  (see,  for  details,  Berezinsky 
et  al.  [1])  in  which  processes  of  CR  propagation  and  escape 
from  the  Galaxy  are  described  by  some  phenomenological 
parameters.  For  instance  the  escape  processes  are  character¬ 
ized  either  by  the  CR  lifetime  in  the  Galaxy  or  by  the  effec¬ 
tive  outflow  velocity  due  to  convection  or  diffusion.  The 
region  of  diffusion-convective  propagation  is  usually 
assumed  to  be  bounded  by  a  surface  from  which  particles 
escape  into  the  metagalactic  medium.  However,  the  problem 
of  the  galactic  boundary  and  conditions  on  it,  is  in  some 
sense  open  in  these  models  till  now.  We  also  don’t  know  if 
particles  of  different  energies,  masses  and  charges  escape 
from  the  same  boundary  or  not,  what  kind  of  boundary 
conditions  we  should  put  at  the  bondary,  etc. 

To  analyze  these  problems  we  try  to  investigate  the 
kinetic  model  of  CR  propagation  in  the  Galaxy. 

As  we  have  mentioned  already  the  character  of  CR  pro¬ 
pagation  in  the  Galaxy  is  caused  by  particle  scattering  on 
MHD  waves.  There  are  many  potential  sources  of  the 


MHD  turbulence  in  the  Galaxy  however  most  of  them 
(supernova,  stellar  winds)  are  concentrated  in  the  galactic 
disk.  In  the  region  of  our  interests  (far  away  from  the  disk) 
MHD  waves  are  excited  by  the  CR  flux  itself  [2].  It  means 
that  the  distribution  function  of  CRs,  f(r,  p ),  and  the  level 
of  MHD  turbulence,  W(r,  k),  are  not  independent  on  each 
other.  Here,  p  is  the  particle  momentum,  r-space  coordinate, 
and  k  the  wave  number  of  MHD  waves. 

Then,  the  system  of  kinetic  equations  describing  particle 
propagation  and  wave  excitation  can  be  written  as 


dl 

dr 


=  Kf)  +  Q(r,  p) 


8W  do  dW 
dt  dk  dr 


do  dW 
dr  dk  ° 


r)ir. 


(i) 


Here,  v  is  the  particle  velocity,  Q(r,  p)  is  the  CR  source 
distribution  which  is  approximated  by  a  ^-function  (for  dis¬ 
tances  larger  than  the  source  region  scale), 

Q(r,  p)  =  Gp-'«  5(r). 


We  notice  here  that  the  results  of  our  investigations  are 
also  applicable  for  the  case  of  CR  flux  propagation  along 
divergent  magnetic  flux  tube  (see  [3]).  This  case  was  also 
investigated  by  J.  A.  Earl  (see  e.g.  [4,  5]). 

The  integral  of  particle  scattering  over  pitch-angles  due  to 
particle  collisions  with  magnetic  inhomogeneities  1(f)  at  the 
frequency  v(r,  p,  p)  (here,  p  is  the  cosine  of  the  particle  pitch 
angle)  has  the  form 

I].  (2) 


The  increment  of  MHD-waves,  a,  for  the  stream  insta¬ 
bility  is  equal  to  [6] : 


<t(/c,  r)  = 


n2VA 


p2  dp  j*^1  ~  ^  d//<5(p  I  I ~~  ~r) 


sj\ 

W  '  v  P  dp)' 


(3) 


The  nonlinear  wave  decrement,  F,  to  their  decay  we  take 
from  Berezinsky  et  al.  [1] : 


r(k,  r)  =  4n Vlhk2 


W(k) 
H20  ' 


(4) 
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Here,  VA  is  the  Alfven  velocity,  ^-thermal  velocity  of  the 
gas  particles,  H0  is  the  large  scale  magnetic  field  strength, 
c«  =  kFA. 

The  frequency  v(r,  p)  for  resonant  particle  scattering  on 
MHD-waves  can  be  written  as 


v(r,  p)  =  2n2QH 


~  — 


Kes  W(kTes,  r) 


Inserting  (5)  and  (6)  into  eq.  (4)  we  obtain  that 

27 z2e2 

v(r,  p,  p)  =  ~  W(r,  p,  p).  (8) 

As  one  can  see  from  eq.  (1)  the  problem  is  characterized 
by  the  dimensionless  parameter  5 


ata/' 

C  dr 

where  c  is  the  light  speed. 

If  <5  §>  1  then  the  function  /  is  quasi-isotropic  and  it  is 
represented  as 


fir,  p,p)=  £  <5  %(r,  p,  p), 

it  =  0 

i.e.  in  this  quasi-iso  tropic  case  (see  [1]): 
f-fo(r,  P)  and  ffr,  p,  p)  ex.  ^  p. 


where  vf  and  v“  are  scattering  rates  of  cosmic  rays  by 
Alfven  waves  propagating  along  the  field  outward  (  +  )  from 
and  inward  (— )  toward  the  Galaxy. 

For  the  case  considered  above  only  outward  (+)  waves 
are  generated  by  the  outcoming  cosmic  ray  flux.  As  a  result 

V=VA.  (14) 


So,  we  have 

df  v  df0  VA  df0 

T - —  —  P~r~’  i15! 

dp  2v  dr  v  dp 

where  f0  is  the  isotropic  part  of  the  distribution  function,  f 
in  the  case  of  high  isotropy.  As  Chin  and  Wentzel  [7]  have 
pointed  out,  however,  under  conditions  of  fully  ionized 
plasma,  wave-wave  interaction  implies  the  existence  of 
waves  propagating  in  both  directions  even  for  the  case  of  an 
asymmetric  distribution  of  Alfven  waves  generated  by  out- 
coming  cosmic  ray  flux.  A  forward  (+)  Alfven  wave 
(travelling  in  the  direction  of  cosmic  ray  flux)  decays  into  a 
dissipative  magnetosonic  wave  plus  a  backward  (— )  trav¬ 
elling  Alfven  wave  with  a  slightly  larger  wave  length  and  a 
slightly  smaller  energy. 

Skilling  [8-10]  showed  in  a  series  of  papers  that  the  pure 
diffusion  regime  and  free  streaming  regime  of  CR  propaga¬ 
tion  are  possible  for  the  case  of  fully  ionized  plasma  (see 
cases  3  and  4  in  [8],  just  these  cases  are  analyzed  in  our 
paper). 

For  some  parameters  (see  Section  IV  in  [9],  and  the  self- 
consistent  solution  for  the  case  of  moderately  damped 
sound  and  symmetric  waves  in  [10])  the  equality 


is  realized  even  under  conditions  of  Alfven  wave  generation 
by  the  cosmic-ray  flux.  In  this  case  [see  eq.  (13)] 

V  ~  0  (17) 

and  for 


The  isotropic  part  of  the  distribution  function,  /0,  is 
described  by  the  diffusion-convective  equation 

V(DV/0  -  V(r)fo)  +  Q(r,  p)  =  0,  (1 1) 

with  the  spatial  diffusion  coefficient 

n,  ,  »Vc  f1  Iji  Id  -f) 

mJ — v  (12) 


'1 

=  vA 

Jo 


3(1  -  p2)  (vM+  -  v„  ) 
2  (vf  +v~)’ 


the  spectrum  of  MHD-waves  far  away  from  the  source 
region  has  the  form 


W(k,  r)  ~ 


4a3n2VA(r)r\  k  , 
c  /eV0-4  rHyo 


(?)’ 


and  with  the  convective  velocity,  V. 

We  see  from  eq.  (9)  that  in  the  case  of  MHD-wave  radi¬ 
ation  by  the  flux  of  cosmic  rays  we  expect  a  change  of  the 
CR  propagation  if  the  parameter  3  decreases  in  the  region 
of  diffusion-convective  cosmic  ray  propagation  and  its  value 
passes  through  the  point  <5  =  1. 

The  key  point  of  the  analysis  is  the  value  of  df/dp  in  eq. 
(3)  for  this  self  consistent  model.  The  problem  is  that  while 
cosmic  rays  stream  along  the  magnetic  field  they  make 
waves  moving  at  Alfven  speed,  VA ,  in  the  direction  in  which 
cosmic  rays  diffuse.  Formally,  it  means  that  cosmic  rays  are 
also  convectively  transported  by  the  waves  with  velocity  (see 
e.g.  [1]): 


4G7t4a3  y0 


70' 

VA(r) 


where  a,  and  a3  are  some  numerical  values. 

If  Vo  =  4  one  can  see  from  eq.  (19)  that: 

(a)  the  function  W  decreases  with  distance  for  reasonable 
values  of  the  problem; 

(b)  there  is  a  break  in  the  spectrum  W.  The  dependence  of 
W  on  k  changes  from  W  oc  k-1  for  small  k  to  W  oc  k~2  for 
larger  k; 

(c)  the  position  of  the  break  shifts  to  smaller  k  with 
increasing  of  distance  r. 

Now  let  us  investigate  the  spatial  dependence  of  JF(kres) 
which  just  determines  the  efficiency  of  particle  scattering 
[eq.  (5)].  From  eq.  (19)  we  have  (y0  =  4) 


mkrj  = 


q1c3(p^)2/4a3  7r2y0  e2  VA  r 
1  +  (c2rH/4n4Gy0  a3  eVjfipp) 
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Fig.  I.  Spatial  dependence  of  the  parameter  5(r,  p). 


The  spatial  dependence  of  the  function  kF(kres)  changes  at 
the  momentum  pb(r) 

4Gn4y0a3e  VA(r) 


The  function  decreases  with  distance  if  p  <  pb(r\ 
4n2a3y0e2rVA 


For  p  >  pb(r)  it  is  independed  of  space  coordinates, 
er2//(r) 


From  these  equations  we  find  that  the  scattering  frequency 
equals 

r  2 

«i  ,  ,  <r 

—  \P\ - Try:,  if  P<Pb, 

a3  y0rVA(r) 


4ain4 

[yWr  'lp  p‘- 

and,  as  a  result,  we  get  from  eqs  (9) 


if  p  <  pb ; 


-,  if  p  >  pb. 


a3y0VA{ry  r 

%  =  l)~j  7°  4  (25) 

4  axiC 

GprH(r)c’  lfp>p»- 

We  see  that  the  parameter  8  decreases,  in  the  collisional 
region,  with  distance  and  at  some  point  it  equals  unity. 

In  the  case  (5  <?  1)  (in  the  run-away  region)  the  solution 
for  the  distribution  function  can  be  written  as 

(  1  \ 

<26) 


t  =  4  f  v(r',  pXr'Ab)2  dr', 

Jrh 

and  the  parameter  c o  is  chosen  from  the  matching  condition 
of  solutions  at  the  boundary  5  =  1. 

So 

I  -  irwj  Wr‘)2  exp  ( ■ -  <r/r*)J)  <27) 

From  these  equations  we  can  show  that  in  the  range  S  <  1 
the  scattering  is  not  effective  enough  to  make  the  function/ 
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isotropic  and  as  a  result  the  “run-away”  flux  of  particles 
takes  place  in  the  regions  where  5  <?  1. 

In  other  words,  in  the  volume  where  S  P  1  the  distribu¬ 
tion  function  is  quasi-isotropic  and  particle  propagation  is 
described  as  diffusion.  In  the  peripheral  volume  where  <5  1 

the  cosmic  rays  are  focused  into  the  run-away  flux  and  the 
particle  propagation  there  is  completely  different  from  diffu¬ 
sion. 

From  the  analysis  of  particle  propagation  in  the  regions 
<5  >  1  and  8  <  1  we  see  that  the  function  W  drops  in  space 
fast  enough,  the  region  of  particle  sources  should  be  sur¬ 
rounded  by  the  “runaway”  boundary. 

Thus,  in  the  initially  boundless  problem  we  can  establish 
the  boundary  8  x  1  surrounding  the  source,  across  which 
the  character  of  particle  propagation  changes.  Further,  the 
surface  defined  the  condition  8  x  1  will  be  taken  as  the 
boundary  of  the  cosmic  ray  halo.  We  don’t  present  here  the 
calculations  themselves  (see  [11])  but  discuss  only  a  few 
results  of  these  calculations. 

1.  The  scale  of  the  collisional  region  (halo)  rh  determines 
by  the  equality 

v\(rh)  =  Z — ;\C , 

47o  1 1°  (M*)l 

which  follows  from  the  condition  8(rh)  =  1. 

Here,  the  magnitude  of  p*  is  estimated  from  the  trunca¬ 
tion  conditions  at  pitch  angles  close  to  n/2  (for  details  see 
[1]).  So  at  distances  where  the  Alfven  velocity  reaches  a 
value  as  large  as  several  times  108  cm/sec  we  can  expect  a 
transition  to  the  collisionless  regime  of  particle  propagation. 
This  result  is  also  valid  for  one-dimensional  CR  flux  propa¬ 
gation  along  divergent  magnetic  flux  tubes. 

2.  Low  energy  particles  {p  >  pc )  may  also  be  transported 
by  the  galactic  wind  with  a  velocity  V(r).  The  condition  for 
the  CR  galactic  wind  transport  is  8(r,  p)  >  [c/F(r)].  Never¬ 
theless,  at  large  enough  distances  the  type  of  motion 
changes  to  diffusion  and  then,  at  larger  distances,  these  par¬ 
ticles  run  away  into  the  intergalactic  medium. 

Only  in  the  case  when  the  velocity  of  convective  transport 
weakly  depends  on  spatial  coordinates  do  we  expect 
another  scenario  of  CR  propagation  in  the  Galaxy.  Accord¬ 
ing  to  the  numerical  calculations  of  Breitschwerdt  et  al.  [12] 
we  can  expect  this  only  at  distances  as  large  as  100  kpc. 

3.  Particles  of  very  high  energies  ( Er  —  prc>  106GeV) 
freely  leak  out  of  the  sources  without  scattering  everywhere 
in  space.  These  particles  are  not  able  to  produce  the  MHD- 
turbulence  needed  for  particle  scattering,  i.e.  these  particles 
are  not  confined  in  the  halo.  It  means  that  the  parameter 
8  <  1  everywhere  in  space  for  particle  momenta  p  >  pr. 

Just  near  this  energy  there  is  a  break  in  the  CR  spectrum 
observed  near  the  Earth.  We  suppose  that  this  break  may  be 
due  to  the  transition  from  collisional  propagation  of  par¬ 
ticles  to  collisionless  propagation  in  the  halo. 

4.  For  the  peculiar  case  y0  =  4  [we  use  here  the  normal- 

ization  condition  N(>p)=  f(p)p2  dp]  the  coordinate  of 

Jp 

the  “runaway”  boundary  does  not  depend  on  the  particle 
energy.  So  all  particles  which  are  in  the  collisional  regime  of 
propagation  (£<106GeV)  escape  into  the  intergalactic 
space  from  the  same  boundary.  If  the  injection  index  y  is 
larger  than  four,  however,  (it  is  often  supposed  that  y  =  4.3) 
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the  escape  boundary  position  depends  on  the  particle 
energy:  the  smaller  energy  the  larger  scale  of  the  galactic 
halo.  This  effect  may  be  essential  for  analysis  of  observa¬ 
tional  data. 

5.  Figure  1  shows  the  spatial  dependence  of  the  parameter 
S(r,  p)  on  the  distance  from  CR  sources  for  different  particle 
momenta.  Here,  p-t  <  pc  <  p2  <  Pr,  the  spectral  index  y0  is 
taken  to  be  4. 
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Abstract 

Orders  of  magnitude  and  the  basic  processes  associated  with  Active  Galac¬ 
tic  Nuclei  (AGN)  are  outlined.  Particular  emphasis  is  given  on  the  recent 
high  energy  (100  MeV-1  TeV)  y-ray  observations  from  radio  loud  AGN 
and  is  argued  that  AGN  can,  in  principle,  be  the  sites  of  acceleration  of 
particles  to  energies  in  excess  of  ITeV.  It  is  indicated  that  the  observed 
y-ray  emission  cannot  originate  in  a  stationary  plasma  but  from  plasma  in 
bulk  relativistic  motion  with  T  >  10  and  arguments  are  given  as  to  the 
dynamical  origin  of  such  relativistic  outflows. 


1.  Introduction 

Active  Galactic  Nuclei  (hereafter  AGN)  are,  as  the  term 
indicates,  the  central  regions  of  certain  galaxies  in  which 
there  is  apparent  activity,  that  is  emission,  which  can  rival 
or  even  surpass  the  total  power  output  of  the  entire  galaxy 
by  as  much  as  a  thousand  fold.  What  makes  AGN  particu¬ 
larly  exceptional  is  the  fact  that  all  the  power  is  emitted 
from  a  region  which  is  quite  small  by  galactic  standard,  and 
whose  size  is  of  the  order  of  that  of  our  solar  system. 

AGN  come  under  a  host  of  names  depending  on  their 
total  luminosity,  morphology  and  frequency  band  in  which 
they  were  first  discovered  or  studied.  The  most  familiar  to 
the  non-expert  name  is  that  of  “quasar”,  denoting  a  class  of 
objects,  controversial  at  the  time  of  their  discovery,  precisely 
because  of  their  prodigious  power  requirements,  if  they 
indeed  were  at  the  distances  indicated  by  their  redshifts.  We 
now  know  that  quasars  are  but  the  brightest  members  in  the 
AGN  class,  which  in  the  meantime  came  to  include  other 
objects  known  as  Seyfert  galaxies.  The  difference  between  a 
quasar  and  a  Seyfert  is  their  absolute  luminosity  and  their 
distance  to  the  observer:  Because  they  are  very  far  away  and 
much  brighter  than  the  host  galaxy,  it  is  almost  impossible 
to  detect  the  associated  (but  much  fainter)  galaxy,  thus 
giving  the  impression  that  they  represent  “naked”  sources  of 
energy  output. 

To  appreciate  the  extreme  conditions  associated  with 
AGN,  the  following  scaling  analogy  is  instructive:  If  the 
electric  power  output  of  a  major  metropolitan  area  (e.g. 
Athens,  London,  or  Boston)  represents  the  light  distribution 
in  a  galaxy,  then  a  Seyfert  nucleus  would  represent  the  same 
power  output  from  the  volume  smaller  than  the  head  of  a 
pin,  while  a  quasar  in  the  same  scale  would  emit  as  much 
power  as  all  of  Europe  from  the  volume  of  a  basketball.  It 
becomes  thus  apparent  that  in  AGN  we  deal  with  extremes 
of  power  output  density,  higher  than  those  which  could  be 
attributed  to  nuclear  reactions.  It  was  precisely  these  power 
density  requirements  that  associated  controversy  with  the 
name  of  quasars  and  AGN  in  general.  The  absolute  values 
of  the  power  associated  with  AGN  are  then  ~  101 1  L©  = 


1044ergss  1  for  a  Seyfert  and  102— 103  times  higher  for  a 
quasar. 

The  requirement  for  such  tremendous  power  density 
outputs  does  not  leave  but  one  choice  for  the  source  that 
powers  AGN:  gravity.  It  was  proposed  that  by  radiatively 
releasing  the  energy  available  from  the  accretion  of  matter 
into  a  deep  gravitational  potential  one  could  achieve  effi¬ 
ciencies  approaching  me2  (in  contrast,  nuclear  reaction  effi¬ 
ciencies  cannot  exceed  10~3mc2).  The  required  deep 
potential  well  however  can  only  be  found  near  the  horizon 
of  a  black  hole.  It  has  been  therefore  accepted,  and  it  is 
generally  agreed  within  the  community  that  AGN  arc 
powered  by  matter  accretion  onto  a  black  hole.  Though  the 
source  of  energy  is  agreed  upon  by  almost  everyone,  that  is 
where  the  agreement,  for  the  most  part,  stops.  The  particu¬ 
lar  details  of  the  accretion  process  and  the  energy  release 
remains  elusive  and  despite  the  over  twenty  year  study  of 
these  objects,  their  study  still  yields  surprises  as  it  will 
become  apparent  later  in  this  document. 

The  contents  of  this  review  do  not  necessarily  represent 
the  most  popular,  politically  correct,  current  views  concern¬ 
ing  AGN,  but  rather  they  reflect  to  a  certain  degree  the  per¬ 
sonal  prejudices  of  the  author.  At  the  same  time,  being 
intended  for  an  audience  interested  primarily  in  astro- 
physical  processes  involving  high  energies  (i.e.  particles, 
photons  and  neutrinos  in  excess  of  1  GeV),  it  weighs  heavily 
toward  the  non-thermal  AGN  models  and  the  description  of 
the  associated  non-thermal  radiation  processes.  The  author 
therefore  feels  that  the  non-expert  reader  should  be  warned 
about  the  possibility  of  imbalance  in  the  contents  of  this 
review. 


2.  The  physics  of  AGN 

This  section  presents  a  very  rough  and  incomplete  summary 
of  the  physics  of  AGN  necessary  to  a  non-specialist  so  that 
he  can  develop  a  general  feeling  of  the  order  of  magnitude  of 
the  physical  quantities  involved  and  begin  to  form  an 
opinion  of  the  issues  involved  and  the  importance  and 
observational  significance  of  the  various  processes  associ¬ 
ated  with  the  emission  of  high  energy  radiation  in  photons 
and  neutrinos. 

2.1.  The  physical  quantities 

The  assumption  that  AGN  are  powered  by  accretion  of 
plasma  onto  a  black  hole  does  provide  estimates  of  the 
order  of  magnitudes  of  the  various  quantities  associated 
with  the  accretion  in  terms  of  the  mass  of  the  black  hole,  M, 
and  the  accretion  rate,  M. 


Physica  Scripta  T52 


Relativistic  Magnetic  Reconnection  111 


1.  Length:  The  size  of  the  black  hole  horizon  sets  the 
natural  unit  of  length  in  the  problem.  The  length  of  the  Sch- 
warzschild  radius  in  cm  is  given  in  terms  of  the  black  hole 
mass  by 

Rs  =  3  x  1014M9cm  (2.1) 

where  Mg  is  the  mass  of  the  black  hole  in  units  of  109  MQ . 
With  this  unit  of  length  one  can  scale  the  radial  distance,  r, 
by  defining  the  dimensionless  radial  coordinate  x  =  r/Rs. 

2.  Velocity  and  time  scales:  The  characteristic  velocities 
and  time  scales  usually  quoted  in  association  with  AGN 
variability  are  the  free-fall  velocity  %  ~  (2 GM/r)112  =  c/x112 
and  the  free-fall  time  scale  tff  ~  r/%  ~  10 4x3/2M9 .  These 
expressions  are  usually  employed  when  trying  to  estimate 
the  size  of  the  AGN  “central  engine”  region,  and  then  the 
mass  of  the  putative  black  hole  responsible  for  powering  the 
AGN.  It  should  be  cautioned  that  in  the  most  popular 
models,  namely  those  involving  accretion  disks  and  viscous 
dissipation  of  energy,  the  associated  time  scales  are  much 
longer  than  the  above  estimates  (see  below,  item  3). 

3.  Accretion  rate:  As  a  unit  of  accretion  rate  in  AGN  one 
uses  (arbitrarily)  one  solar  mass  per  year  because  the 
observed  AGN  luminosities  imply  accretion  rates  which 
range  from  a  few  orders  of  magnitude  smaller  to  roughly 
100  times  this  value;  this  value  hence  lies  roughly  in  the 
geometric  mean  of  the  range  of  this  quantity.  The  lumi¬ 
nosity  corresponding  to  the  unit  of  accretion  rate  at  effi¬ 
ciency  of  energy  conversion  into  radiation  equal  to  me2,  is 
5  x  1046  ergs  s'1.  It  is  certain  that  the  efficiency  is  less  than 
one  and  it  is  loosely  assumed  that  it  is  ~0.1  so  that  M  =  1 
provides  roughly  1046ergss_1.  A  more  natural  unit  for  the 
accretion  rate  will  be  discussed  later  on  in  this  section. 

4.  Particle  density:  The  density  of  matter  in  the  vicinity  of 
the  accreting  black  hole  apparently  depends  on  both  the 
aaccretion  rafe,  M,  the  mass,  M9,  and  the  dimensionless 
distance,  x,  from  the  black  hole.  Unfortunately,  it  also 
depends  on  the  speed  with  which  matter  is  accreted  onto  the 
black  hole  which  is  very  poorly  determined.  A  lower  limit 
on  the  density  can  nonetheless  be  obtained  by  assuming  the 
highest  possible  accretion  speed,  which  in  the  case  of  accre¬ 
tion  is  given  by  the  free-fall  velocity,  i.e.  assuming  a  largely 
spherically  symmetric  free-fall  accretion.  Under  this  assump¬ 
tion  the  density  of  the  accreting  matter  is 

n(x)  ~  109x~3/2  cm-3.  (2.2) 

Mg 

Different  assumptions  about  the  mode  of  accretion  can  lead 
to  vastly  different  estimates  for  the  values  of  the  particle 
density  in  the  vicinity  of  the  black  hole.  In  particular,  in  the 
popular  accretion  disk  models,  the  accretion  of  matter  (and 
for  that  reason,  the  rates  of  energy  release  per  unit  mass) 
takes  place  over  the  (largely  unknown)  viscous  time  scales 
leading  to  much  different  values  and  functional  dependences 
for  the  particle  density  [1], 

5.  Luminosity:  The  fact  that  AGN  are  powered  by  accre¬ 
tion  induced  by  gravity  provides  a  natural  scale  for  the 
luminosity  of  these  objects  the  so-called  Eddington  lumi¬ 
nosity,  LEdd,  given  the  requirement  that  the  radiation  pres¬ 
sures  does  not  overcome  the  force  of  gravity.  This  yields, 


GMmu  L 
r2  4nr2c  7 


(2.3a) 


or 

LEdd  =  4nGMmpcoT  ~  1.3  x  1038Mo 

=  1.3  x  1047M9ergs_1.  (2.3b) 

Because  both  forces,  for  spherically  symmetric  geometry,  fall 
like  r-2,  the  condition  of  balance  between  radiation  pres¬ 
sure  and  gravity  does  not  depend  on  the  radius  but  only  on 
the  mass  of  the  accreting  object.  The  existence  of  this  char¬ 
acteristic  luminosity  then  allows  the  definition  of  an  equiva¬ 
lent  accretion  rate,  the  so-called  Eddington  accretion  rate 
through  the  relation 

mEdd  =  LEdd !c2  -  2 M9  Mq  yr  ~ 1 .  (2.4) 

6.  Energy  density:  Estimates  of  the  particle  energy  density 
suffer  from  the  same  uncertainties  as  their  number  density. 
In  the  case  of  quasi-spherical  accretion  in  which  the  density 
can  be  estimated  rather  accurately  and  the  velocity  disper¬ 
sion  of  the  accreting  matter  is  of  the  same  order  as  the  free- 
fall  velocity,  the  energy  density,  similar  in  magnitude  to  the 
ram  pressure,  is 

P  si  pvf[  ~  nmpc2(vSf/c)2 

~  1.5  x  106x_5/2MM9  2  erg  cm-3.  (2.5) 

In  the  case  of  a  thin  accretion  disk  one  has  to  bear  in  mind 
that  the  ambient  density  n(x)  can  be  much  higher  and  that 
the  velocity  dispersion  can  be  much  less  than  the  azimuthal 
velocity  v $  a;  % . 

7.  Magnetic  field:  This  is  the  most  poorly  determined 
parameter  associated  with  AGN.  Its  knowledge  is  of  impor¬ 
tance  because  in  many  cases  it  is  believed  that  the  contin¬ 
uum  emission  is  due  to  synchrotron  radiation.  The 
magnitude  of  this  parameter  is  simply  determined  from 
equipartition  arguments,  i.e.  by  equating  the  energy  density 
associated  with  a  magnetic  field,  B,  l/mag  =  B2/8n  with 
another  characteristic  energy  density;  as  such  a  “character¬ 
istic  energy  density”  it  is  typically  used  the  photon  energy 
density  L/4nR2c  (mainly  because  it  can  be  easily  estimated 
from  the  observed  luminosity  and  the  variability  of  a  source 
which  provides  an  estimate  of  R).  An  upper  limit  to  the 
mean  magnetic  field  value  in  quasi-spherically  symmetric 
accretion  can  be  obtained  by  using  instead  the  ram  pressure 
(as  given  above).  These  considerations  yield  values  for  the 
magnetic  field  which  scale  inversely  with  the  mass  of  the 
black  hole,  B  ~  1  —  100M9  1  Gauss. 

2.2.  The  physical  processes 

This  section  deals  with  several  of  the  physical  processes 
associated  with  AGN.  The  list  is  by  no  means  complete  and 
particular  weight  (maybe  unwarranted)  is  given  again  to 
models  of  non-thermal  emission  from  AGN,  as  it  is  the  most 
relevant  to  the  topic  of  this  workshop.  The  processes  to  be 
discussed  include  dynamics,  radiation  processes,  the  opa¬ 
cities  of  high  energy  radiation,  and  the  effect  of  relativistic 
beaming  on  the  emission  from  AGN. 

1.  The  dynamics  of  accretion:  The  notion  that  the  pro¬ 
digious  energy  output  of  AGN  is  due  to  accretion  onto  a 
compact  object  (most  likely  a  massive  black  hole)  dates 
back  to  the  late  sixties.  The  model  of  accretion  in  these  ear¬ 
liest  models  was  considered  to  be  spherical  accretion. 
However,  it  was  soon  realized  [2]  that  spherical  accretion 
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coupled  only  with  free-free  emission  by  the  compressed  and 
heated  gas  is  a  very  inefficient  way  for  radiation  production, 
mainly  because  of  the  very  low  radiative  efficiency  of  the 
particular  radiative  process;  most  of  the  available  thermal 
energy  is  in  fact  advected  into  the  black  hole  and  never 
really  emitted. 

The  problem  of  low  radiative  efficiency  prompted  the 
consideration  of  disk  rather  than  spherical  accretion  as  a 
means  for  providing  the  required  radiative  efficiency.  In  the 
case  of  disk  accretion,  matter  is  considered  to  be  in 
Keplerian  orbit,  slowly  sinking  toward  the  black  hole  by 
dissipating  and  radiating  away  its  azimuthal  kinetic  energy. 
The  difference  between  this  and  the  spherical  mode  of  accre¬ 
tion  is  that  in  this  latter  case  matter  can  accrete  only  by 
losing  (radiatively)  energy,  thus  guaranteeing  high  efficiency 
for  this  mode  of  accretion.  The  major  problem  with  disk 
accretion  is  that  the  viscosity  responsible  for  the  dissipation 
is  completely  unkown,  a  fact  that  makes  quantitative  predic¬ 
tions  of  this  type  of  model  very  unlikely  (for  more  details  on 
disk  accretion  the  reader  is  referred  to  the  text  of  Ref.  [1]). 

An  alternative  class  of  models,  based  mainly  on  the  spher¬ 
ical  mode  of  accretion  is  that  given  in  Refs  [3-6],  These 
type  of  models  use  a  standing  shock  surrounding  the  black 
hole  as  a  means  for  randomizing  the  accretion  kinetic 
energy  and  slowing  down  the  infall,  thereby  increasing  the 
radiative  efficiency.  The  problem  with  these  models  is  that 
formation  of  a  shock  in  spherical  accretion  requires  a 
boundary  condition  on  the  horizon  other  than  simple  free- 
fall.  The  model  of  Ref.  [3]  does  address  this  issue  by  provid¬ 
ing  for  the  required  back-pressure  for  shock  formation  with 
a  sufficiently  high  concentration  of  relativistic  protons 
which  do  not  feel  the  pull  of  gravity  and  do  not  necessarily 
fall  into  the  black  hole;  these  relativistic  protons  are 
thought  to  be  produced  by  the  Fermi  acceleration  mecha¬ 
nism  at  the  same  shock  whose  existence  guarantee  by  their 
presence.  Protons  are  necessary  for  such  a  model  as  rela¬ 
tivistic  electrons  suffer  losses  on  time  scales  much  shorter 
than  the  free-fall  time  and  cannot  provide  the  required 
back-pressure  to  ensure  that  formation  of  such  a  shock.  The 
interesting  feature  of  this  type  of  model  is  that  once  a 
mechanism  can  convert  a  sizable  fraction  of  the  accretion 
power  into  relativistic  protons,  the  subsequent  formation  of 
the  shock  is  almost  inevitable;  in  addition,  the  dissipation  of 
energy  is  in  this  case  very  well  understood  and  the  dissi¬ 
pation  time-scale,  the  proton-proton  collision  time  scale 
tpp  =  l/n(r)ccrpp,  is  computable  from  the  first  principles  once 
the  density  of  the  ambient  gas  is  given.  The  position  of  the 
shock  is  then  set  at  rs  a;  %tpp.  It  is  easy  then  to  see  that  in 
this  case  rJRs  sxsoc  M9/M,  i.e.  the  postion  of  the  shock  (in 
units  of  the  Schwarzshild  radius)  depends  only  on  one 
parameter  M9/M  or  mmJM.  Indeed,  Fig.  5  of  Ref.  [3]  indi¬ 
cates  that  AGN  cover  a  rather  limited  range  in  this  param¬ 
eter,  despite  the  wide  range  of  their  luminosities. 

2.  The  y-ray  opacities:  The  extremely  high  radiation 
energy  densities  expected  in  the  vicinity  of  an  AGN  “central 
engine”  in  conjunction  with  the  possible  production  of 
y-rays  of  energy  greater  than  mc  c2,  provides  the  possibility 
for  a  process  not  encountered  in  other  astrophysical 
sources:  the  absorption  of  y-rays  and  their  conversion  into 
e+e~  pairs.  The  cross  section  for  this  process  is  that  of 
Thomson,  <rT,  and  it  is  therefore  possible  that  the  opacity  of 
radiation  to  this  process  be  extremely  high.  Given  a  source 
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of  luminosity  Ly  in  the  MeV  region  of  the  spectrum,  the 
opacity  to  pair  production  for  a  spherically  symmetric 
source  of  radius,  R,  is  roughly  ryy  ~  ny  aT  R,  where  ny  is  the 
photon  density;  expressing  the  latter  in  terms  of  the  lumi¬ 
nosity,  Ly ,  one  gets 
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One  sees,  therefore,  that  the  photon-photon  opacity 
depends  on  only  the  combination  L/R  of  the  source  param¬ 
eters  called  the  compactness  of  the  source.  It  is  roughly  one 
for  L/R  ~  1029 ergs-1  cm-1.  This  is  a  very  high  com¬ 
pactness,  it  corresponds  to  having  a  solar  luminosity 
emitted  from  a  room  of  size  of  a  few  tens  of  meters. 

The  estimate  of  the  opacity  given  above  was  made  under 
the  assumption  that  the  relevant  photon  energies  were  in 
the  MeV  range.  In  cases  in  which  one  is  interested  in  the 
opacities  of  photons  of  energy  ey  g>  mc  c2,  one  has  to  bear  in 
mind:  (a)  that  there  is  a  threshold  condition  for  pair  pro¬ 
duction  namely,  >  (1  —  cos  6)  ( 6  is  the  angle  between 
the  photons  and  their  energies  are  measured  in  units  of 
mec2);  (b)  for  eyei  $>  1  the  process  is  in  the  Klein-Nishina 
regime  and  the  cross  section  decreases  like  I/e^.  Thus, 
most  of  the  opacity  for  photons  of  energy  ey  is  effected  by 
photons  of  energy  l/ey .  In  this  respect  then  the  opacity 
expression  above  has  to  be  modified  to 
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Because  in  AGN  the  number  of  photons  is  a  decreasing 
function  of  frequency,  the  higher  the  y-ray  energy,  the  higher 
is  the  number  of  soft  target  photons  that  fulfill  the  threshold 
condition  and  consequently  the  higher  the  opacity  of  the 
y-ray. 

The  magnitude  of  the  y-ray  opacity  to  photon-photon 
interactions  can  be  estimated  by  looking  at  the  normal¬ 
ization  of  the  expression  given  above 

Lot  =2nU\_L^/2R1\ 

Rmtc3  3  W^ddU/  ('J 

As  it  is  apparent  from  this  expression,  the  photon  opacity 
in  a  source  that  emits  close  to  its  Eddington  luminosity 
from  a  region  of  size  similar  to  the  least  stable  orbit  around 
a  black  hole  is  the  order  of  a  thousand.  This  is  very  impor¬ 
tant  as  y-ray  radiation  emitted  from  such  a  small  volume 
would  never  escape  but  it  would  be  converted  into  e+e“ 
pairs,  whose  presence  could  influence  the  emerging  radi¬ 
ation  spectra  significantly.  The  subject  of  such  spectral 
effects  due  to  the  presence  of  e+e_  pairs  in  AGN  has  been 
the  subject  of  intense  research  in  the  past  few  years. 

It  is  appropriate  at  this  point  to  also  calculate  the  cooling 
time  in  the  AGN  environment  of  the  relativistic  electrons 
that  would  produce  these  y-rays;  for  that  one  has  to  bear  in 
mind  that  the  energy  loss  rate  is 

,  =  _G -dk  (Z9) 
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The  similarity  with  the  expression  for  the  photon  opacity 
expression  should  not  surprise  the  reader  as  both  processes 
have  the  same  cross  section,  namely  that  of  Thomson,  aT . 
What  is  crucial  to  note  is  that  for  sources  with  high  y-y 
opacity  the  electron  loss  time  scale  is  shorter  than  the  light 
crossing  time  across  the  source,  indicating  that  under  such 
circumstances  relativistic  electrons  lose  their  energy  before 
they  have  time  to  escape  from  the  source. 

3.  Relativistic  beaming:  The  term  “relativistic  beaming”  is 
used  to  indicate  the  perceived  amplification  of  the  radiation 
emitted  by  plasma  moving  with  a  bulk  Lorentz  factor 
T|>  1,  when  viewed  at  a  sufficiently  small  angle,  9,  with 
respect  to  its  direction  of  motion  (typically  9  <  1/T).  Light 
travel  time  effects  then  cause  any  intrinsic  variability  of  the 
emission  to  be  shortened  by  one  power  of  the  Doppler 
factor,  3  =  [T(l  —  ji  cos  0)]  “  \  while  conservation  of  the 
photon  phase  space  implies  an  increase  of  the  observed  radi¬ 
ation  flux  density  by  <53+“  (where  the  intrinsic  emission  has 
an  intensity  of  the  form  Fv  oc  v-®)  and  also  an  increase  in 
the  observed  bolometric  luminosity  by  <54  (see  e.g.  Ref.  [7]). 
Thus  emission  from  plasma  in  bulk  relativistic  motion  could 
appear  extremely  luminous  and  yet  vary  on  time  scales 
short  compared  to  the  light  travel  time  across  the  emitting 
source.  In  addition,  it  is  easy  to  show  that  if  a  “blob”  of 
plasma  moves  relativistically  at  an  angle  9  st  1/T  with  the 
observer’s  line  of  sight,  its  apparent  transverse  velocity  will 
be  rapp  =  Tc,  i.e.  it  will  appear  moving  superluminally  on 
the  plane  of  the  sky. 

3.  The  y-ray  emission  and  the  acceleration  challenge 

Armed  with  the  broad  picture  of  the  AGN  physical  setup 
and  the  most  relevant  processes  we  can  now  discuss  in  more 
detail  the  data  with  particular  emphasis  in  the  y-ray  obser¬ 
vations  to  see  how  the  notions  discussed  above  are  applied 
in  AGN  modeling  and  what  constraints  they  put  in  our 
understanding  of  particle  acceleration  in  the  AGN  environ¬ 
ment. 

Figure  1  presents  the  spectrum  of  a  particular  AGN 
namely,  3C  279,  in  a  vFv  vs.  v  diagram,  i.e.  in  a  diagram  in 
which  the  luminosity  per  decade  is  plotted  as  a  function  of 
frequency  from  radio  to  y-rays  as  detected  recently  by 
EGRET  aboard  the  Compton  Gamma  Ray  Observatory 
(CGRO).  There  are  several  features  in  this  class  of  objects  (in 
addition  to  those  mentioned  in  the  introduction,  i.e.  the 


Fig.  1.  The  energy  distribution  from  radio  to  y-rays  in  the  radio  loud 
quasar  3C  279  (from  Ref.  [9]).  The  EGRET  results  are  not  simultaneous 
with  those  at  other  frequencies.  The  X-ray  flux  during  the  EGRET  observa¬ 
tions  was  closer  to  that  of  the  June  1987  observation. 


emission  of  large  luminosity  from  very  small  volumes)  which 
set  it  apart  from  that  of  normal  galaxies  which  are  apparent 
already  in  this  figure.  One  such  feature  is  the  extent  of  the 
observed  spectrum  of  this  object  in  particular  (it  covers 
more  than  12  decades  in  frequency)  and  generally  of  the 
class  of  radio  loud  AGN.f  An  additional  feature  related  to 
the  spectral  distribution  of  these  objects  is  the  fact  that  the 
energy  is  distributed  roughly  equally  among  the  14  or  so 
decades  of  frequency.  By  contrast,  normal  galaxies  cover 
roughly  three  decades  in  frequency  with  very  little  emission 
beyond  that  contributed  by  their  stars.  Finally,  and  most 
amazing,  the  flux  in  the  >  100  M^V  y-rays  outshines  that  in 
any  other  band  by  a  factor  of  10-30. 

The  observed  y-ray  flux,  if  isotropic,  would  correspond, 
given  the  object’s  redshift  z  =  0.54,  to  a  y-ray  luminosity  of 
the  order  of  1048ergs_1.  At  the  same  time  the  y-ray  is  vari¬ 
able  with  characteristic  time  scale  of  a  few  days  suggesting 
that  the  size  of  the  emitting  region  cannot  be  much  larger 
than  1016  cm,  yielding  a  compactness  for  this  object  of  the 
order  of  1032  erg s~ 1  cm"1  which  would  result  to  an  optical 
depth  of  several  thousand  at  100  MeV.  Under  these  circum¬ 
stances  the  y-rays  shown  in  Fig.  1  should  be  completely 
absorbed  due  to  the  y-y  opacity. 

The  apparent  absence  of  y-y  absorption  in  the  >  100  MeV 
spectrum  of  3C  279  (as  well  in  the  spectra  of  30  or  so  addi¬ 
tional  radio  loud  AGN  detected  by  EGRET  to  date)  clearly 
leaves  relativistic  beaming  of  the  y-ray  emission  as  the  only 
logical  account  of  this  emission.  It  can  be  shown  that  the 
optical  depth  to  the  y-y  opacity  is  a  very  sensitive  function 
of  the  beaming  parameter  delta  (actually  rvv(ey)  oc 
£y  <5 -  (4 + 2o,),  where  a  ~  \  is  the  spectral  index  in  the  X-ray 
band  [10])  and  thus  a  value  of  3  ~  10  could  render  the  y-ray 
emission  optically  thin  up  to  energies  of  several  GeV,  in 
accordance  with  observations. 

One  thus  is  led  by  the  y-ray  observations  to  consider 
emission  by  a  plasma  which  is  emitting  y-rays  of  energies 
lOOMeV-lOGeV  and  it  is  therefore  composed  of  electrons 
with  individual  Lorentz  factors  103-104,  and  which  at  the 
same  time  is  moving  with  bulk  Lorentz  factor,  T  ~  10. 
However,  as  discussed  above,  electrons  of  such  high  energies 
would  suffer  catastrophic  radiative  losses  on  time  scale 
much  shorter  (by  factors  of  thousands)  than  the  light  cross¬ 
ing  time  scales.  The  problem  is  in  fact  even  more  severe.  The 
additional  constraints  come  from  the  lower  frequency  (109- 
1016Hz)  spectral  distribution  in  these  objects.  As  pointed 
out  above,  the  spectrum  in  this  range  is  smooth  and  contin¬ 
uous  over  this  entire  range,  indicating  a  single  emission 
mechanism,  thought  to  be  synchrotron  emission  by  a  popu¬ 
lation  of  relativistic  electrons  (in  contrast  with  the  X-ray 
and  y-ray  emission  which  is  thought  to  be  due  to  inverse 
Compton  scattering  of  the  synchrotron  photons  by  the  same 
relativistic  electrons).  However,  it  can  be  easily  shown  that 
the  radio  emission  must  originate  in  a  volume  much  larger 
than  that  of  y-rays  because  otherwise  it  would  have  suffered 


t  We  mention  parenthetically  here  that  there  are  two  broad  and  distinct 
classes  of  AGN,  the  radio  loud  (containing  ~  10%  of  all  AGN)  and  radio 
quiet  ones  (with  ~90%  of  them;  see  Ref.  [8]  for  a  review),  distinguished 
mainly  on  the  basis  of  their  radio  properties.  The  spectra  of  the  radio 
quiet  AGN  cut-off  at  frequencies  v  <  10I2Hz,  while  the  radio  loud  ones 
have  spectra  which  are  continuous  and  smooth  from  the  109-1015Hz. 
We  will  be  mainly  dealing  at  present  with  the  radio  loud  class. 
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self-absorption  at  a  frequency  ~1012Hz.  The  smooth,  con¬ 
tinuous  spectrum  is  thus  considered  to  be  emission  from  a 
distribution  of  relativistic  electrons  that  extends  several 
orders  of  magnitude  both  in  energy  and  radius.  Then  one 
can  reproduce  the  obsrved  spectra  as  the  superposition  of 
emission  over  this  entire  radial  range  [1 1]. 

The  combination  of  radio,  IR,  optical,  UV,  and  y-ray 
observations  lead  us  then  to  a  picture  of  an  inhomogeneous 
electron  distribution  spanning  several  decades  in  radius, 
from  a  few  Schwarzshild  radii  to  a  few  parsecs 
(~3  x  1018cm),  consisting  of  electrons  with  individual 
Lorentz  factors  of  the  order  of  103-104  and  even  up  to  106 
[12]  (much  too  high  to  have  their  origin  in  the  vicinity  of 
the  black  hole),  with  this  entire  distribution  outflowing  rela- 
tivistically  with  bulk  Lorentz  factor  T  ~  10-20.  In  addition, 
in  order  that  the  spectrum  have  the  form  observed  in  the 
radio  109— 101 1  Hz  the  relativistic  electron  spectrum  and 
normalization  cannot  be  arbitrary  but  of  rather  well  con- 
trained  form.  Can  such  a  distribution  be  materialized  in 
some  realistic  dynamical  scenario?  The  answer  is  not 
obvious  as  yet  to  the  author.  One  can,  of  course,  para¬ 
metrize  it  but  one  soon  finds  out  that  the  number  of  param¬ 
eters  quickly  becomes  very  large  [13].  On  the  other  hand, 
statistical  surveys  and  model  fits  to  the  observations  indi¬ 
cate  that  the  number  of  parameter  necessary  to  fit  the  con¬ 
tinuum  spectrum  of  radio  loud  AGN  is  rather  small,  in  fact 
of  order  1  (Ref.  [14]),  indicating  that  these  parameters  are 
constrained  by  unknown  hitherto  physics.  One  hopes  that 
the  study  and  detailed  modeling  of  the  y-ray  emission  from 
these  objects,  because  of  the  much  stringent  constraints  that 
presents  to  these  models  will  lead  to  a  much  deeper  under¬ 
standing  of  the  conditions  that  prevail  in  the  vicinity  of  the 
black  holes  responsible  for  the  AGN  phenomenon,  and  will 
allow  us  to  uncover  these  sought  after  physics. 

In  connection  with  the  issue  of  bulk  relativistic  motion,  it 
should  be  noted  that  simple  arguments  can  indicate  the 
parameters  that  would  lead  to  such  outflows  and  that  these 
can  in  fact  be  materialized  by  the  model  of  Refs  [3,  4],  This 
model  as  discussed  above,  relies  in  hadronic  collisons  of 
shock  accelerated  protons  as  a  means  for  dissipating  the 


accretion  kinetic  energy.  It  is  well  known  that  such  colli¬ 
sions  produce  50%  of  the  time  neutrons  in  the  charge 
exchange  reaction  pp-*pn7t+.  Thus  a  flux  of  relativistic 
neutrons  is  expected  to  be  emitted  continuously  from  the 
AGN  central  sources  within  this  model.  The  neutrons 
escape  from  the  system,  not  held  in  by  the  turbulent  mag¬ 
netic  field  that  restricts  the  escape  of  protons,  they  decay 
after  they  travel  on  the  average  ciny„  ~  3  x  1013yncm  (with 
t„  ~  103sec  being  the  neutron  lifetime  and  yn  the  neutron 
Lorentz  factor),  whereby  they  reconvert  by  their  decay  into 
protons.  If  the  size  of  the  source  is  R  >  3  x  1013cm,  only 
neutrons  with  mean  energy  E  ~  ( R/cxn)mpc 1  will  escape  the 
source,  and  under  these  conditions  we  will  have  the  contin¬ 
uous  injection  of  a  relativistic  proton  gas  in  virtually  empty 
space.  Energy  conservation  then  implies  that  upon  its 
expansion,  this  gas  will  convert  its  internal  energy  into 
directed  motion  achieving  bulk  Lorentz  factors  T  ~  R/ct0  . 
It  is  therefore  a  prediction  of  the  model  that  relativistic  out¬ 
flows  should  appear  only  in  the  most  luminous  objects,  i.e. 
in  AGN  with  black  hole  masses  larger  than  108  solar 
masses.  It  is  interesting  to  examine  whether  the  data 
support  this  simple  origin  of  the  relativistic  AGN  outflows. 
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Abstract 

It  is  known  that  high  frequency  short  duration  electromagnetic  pulses  can 
be  generated  by  reflection  of  low  frequency  radiation  off  relativistically 
moving  ionization  fronts.  In  addition,  a  part  of  the  incident  electromagnetic 
energy  is  converted  into  a  spatially  periodic  static  magnetic  field.  Here,  we 
investigate  this  phenomenon  in  the  emission  line  region  (ELR)  and  accre¬ 
tion  disks  of  active  galactic  nuclei  (AGN)  where  relativistically  moving  ion¬ 
ization  fronts  are  created  by  the  ionizing  continuum.  It  is  suggested  that 
this  process  may  play  an  essential  role  in  (1)  causing  rapid  correlated  varia¬ 
bility  in  radio  radiation  and  high  frequency  parts  of  the  nonthermal  spec¬ 
trum;  (2)  generating  high  frequency  radiation  through  scattering  of 
relativistic  electrons  off  the  spatially  periodic  magnetic  field,  a  byproduct  of 
the  reflection  process;  (3)  the  diagnostic  of  the  emission  line  region;  and  (4) 
absorption  of  the  radio  radiation.  The  anomalous  absorption  of  radio  radi¬ 
ation  in  ELR  through  parametric  decay  instabilities  has  been  pointed  out 
earlier.  Interaction  of  radio  radiation  with  ionization  fronts  further 
strengthens  the  case  for  the  existence  of  strong  correlation  between  the 
nonthermal  radio  continuum  and  the  ELR  phenomena  as  the  multi¬ 
wavelength  observations  of  AGN  are  beginning  to  do. 

1.  Introduction 

Active  galactic  nuclei  and  quasars  emit  a  strong  nonthermal 
continuum  almost  over  the  entire  electromagnetic  spectrum 
with  a  flux  Fv  that  varies  as  v~®,  where  v  is  the  frequency 
and  a  is  the  spectral  index  which  varies  with  the  frequency. 
Over  the  continuum  are  superimposed  bumps  in  the  blue 
and  bends  in  the  radio  region.  In  addition  to  the  continuum, 
quasars  show  a  complex  line  spectra  whose  interpretation 
has  given  rise  to  the  cloud  model  of  the  emission  line 
regions.  The  exceptionally  broad  emission  lines  are  believed 
to  result  from  the  collective  motions  of  a  large  number  of 
clouds.  This  picture  is  supported  by  the  photoionization 
models  in  which  emission  line  spectra  are  calculated  from 
finite  regions  of  gas  irradiated  by  the  nonthermal  contin¬ 
uum.  A  typical  cloud  has  a  dimension  of  1012cm,  an  elec¬ 
tron  density  of  wl0locmT3,  an  electron  temperature 
«104K  and  is  situated  about  a  parsec  or  less  from  the 
central  ionizing  source.  However  electron  densities 
^  1013  cm~3  have  been  necessitated  for  the  interpretation  of 
broad  emission  lines  in  some  active  galaxies  [1].  The  geo¬ 
metrical  distribution  of  emission  line  gas  has  been  deduced 
to  vary  from  a  random  distribution  of  clouds  to  rotating 
accretion  disks  with  various  inclinations  to  the  central 
source  [2-4]. 

Most  of  the  effort  in  the  study  of  the  emission  line  regions 
is  spent  in  calculating  the  line  ratios,  their  widths  and  asym¬ 
metries  within  the  framework  of  photoionization  models,  in 
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order  to  match  with  observed  profiles.  Not  much  attention 
has  been  paid  to  the  possible  role  of  the  radio  radiation  in 
the  establishment  of  the  emission  line  regions  in  spite  of  the 
facts  that  the  two  are  almost  cospatial  and  the  electron 
plasma  frequencies  of  the  emission  line  regions  lie  in  the 
radio  region.  Under  these  circumstances,  the  strong  radio 
radiation  is  capable  of  exciting  nonlinear  instabilities  which 
can  heat  the  plasma  to  much  higher  temperature  in  much 
shorter  times  as  compared  to  the  collisional  absorption  [5, 
6].  A  preliminary  proposal  for  the  microwave  ionization  of 
hydrogen  in  the  highly  excited  hydrogen  region  of  the  ELR 
has  also  been  made. 

In  this  paper,  we  investigate  the  reflection  of  radio  radi¬ 
ation  off  a  relativistically  moving  ionization  front  [7,  8].  The 
ionization  front  is  produced  by  the  ultraviolet  radiation 
from  the  central  source  and  may  exist  either  in  individual 
clouds  or  in  accretion  disks.  Since  the  nonthermal  radio 
emitting  region  almost  overlaps  the  emission  line  region,  the 
incidence  of  radio  radiation  on  the  neutral  side  of  the  ion¬ 
ization  front  is  highly  probable.  Thus,  in  this  first  instance, 
we  assume  an  ionization  front  propagating  at  the  group 
velocity  of  the  ultraviolet  photons,  upon  which  impinges  the 
strong  nonthermal  radio  radiation.  Several  issues  related  to 
the  geometrical  aspects  of  the  plasma-neutral  gas  distribu¬ 
tion  as  well  as  the  spectral  width  of  the  radio  radiation  will 
be  addressed  in  more  detail,  later  on.  Here,  we  illustrate  the 
essential  physics  of  the  reflection  process  and  its  ensuing 
consequences  for  AGN  environs.  The  frequency  up- 
conversion;  formation  of  short  duration  pulses  and  their 
relationship  to  rapidly  variable  emission;  excitation  of  spa¬ 
tially  periodic  static  magnetic  fields  and  their  possible  use 
for  inverse  Compton  and  Raman  scattering  of  electron 
beams  and  all  of  this  taking  place  at  the  ionization  fronts 
can  give  up  a  wealth  of  information  about  quasar  atmo¬ 
spheres  in  general  and  signatures  of  cloud  formation  in  the 
variability  of  radio  radiation  in  particular. 

2.  Frequency  up-conversion,  pulse  compression  and  magnetic 

field  generation 

Consider  an  ionization  front  created  by  ultraviolet  photons 
of  frequency  cou .  The  speed,  V0 ,  of  the  ionization  front  is  the 
group  velocity,  Vg,  of  the  ultraviolet  photons  in  the  just- 
made  plasma  of  density  n,  so  that  Vg  =  c[l  —  co2/m2]1/2  « 
V0,  where  cop  =  [4nne2/ni]112  is  the  electron  plasma  fre¬ 
quency  and  e,  m  are  the  charge  and  mass  of  an  electron.  Let 
radio  radiation  of  frequency  tOj ,  wavevector  K,  and  electric 
field  E j  be  incident  on  the  neutral  side  of  the  ionization 
front,  Fig.  1. 
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Fig.  I.  Reflection  of  radio  radiation  on  a  moving  ionization  front. 


One  is  familiar  with  the  phenomenon  of  reflection  and 
transmission  at  a  di-electric  boundary.  In  the  case  of  reflec¬ 
tion  of  an  ionization  front,  an  additional  magnetic  wave  is 
excited  as  has  been  emphasized  by  Lampe,  Ott  and  Walker 
[7].  The  origin  of  this  wave  lies  in  the  requirement  of  zero 
transverse  current  of  the  just  born  electrons  at  the  ioniza¬ 
tion  front.  In  the  frame  of  the  ionization  front,  the  front  is 
stationary  and  the  plasma  and  the  neutral  gas  are  moving  to 
the  right  with  speed  V0  (Fig.  1).  The  transverse  modes  of  the 
plasma  are  obtained  by  the  standard  procedure  except  that 
one  must  use  the  initial  condition  of  zero  transverse  velocity 
of  electrons.  The  dispersion  relation  of  the  transverse  waves 
is  given  by 


nu-fu 

JL  KoJ 


where  the  subscript  f  denotes  a  quantity  in  the  front  frame. 
Thus,  there  are  four  waves  at  the  front:  (1)  the  incident  wave 
of  Doppler-shifted  frequency  cof  =  (1  +  V0/c)y0  co,  «  2y0  o)-t , 
the  wavevector  K{  =  cofe/c  and  the  electric  field  /f;  (2)  the 
reflected  wave  of  frequency  cof ,  wave  vector  K(  —  co(e/c  and 
the  electric  field  R{\  (3)  the  transmitted  wave  of  frequency 
(of,  wavevector  Klf  =  (cof  -  co2)1/2/c  and  electric  field  Tt; 
and  (4)  the  new  magnetic  wave  of  frequency  cot ,  wavevector 
Kbi  =  co{/V0  and  electric  field  Nt .  Note  that  all  waves  have 
the  same  frequency,  cof,  in  the  front’s  frame  (stationary 
boundary)  though  their  wave  vectors  are  determined  by 
their  respective  dispersion  relations.  Their  magnetic  fields 
are  determined  from 

1  8B 

V  x  £  =  —  -  — 
c  dt' 

The  fields  on  the  two  sides  of  the  ionization  front  can  be 
written  as :  for  x  >  0, 

Ey{  =  If  exp  i(cof  t  —  Kfx)  +  R(  exp  i(cofr  +  Kfx)  +  C.C., 

Bzf  =  If  exp  i((Oft  —  K(x)  —  R(  exp  i(cof  t  +  Kfx)  +  C.C., 
for  x  <  0, 

Ey(  =  Tf  exp  i(cof  t  -  Kt(  x) 

+  Nf  exp  i(cof  t  —  cof/F0  x)  +  C.C., 
cK 

BZf  =  Tf  — -  exp  i(ft>f  t  —  Ki{x) 

(Of 


+  Nf  —  exp  i(cof  t  —  (Of/V0  x)  +  C.C., 
'0 


- ^  =  i[cK?f/(of  —  (Of/c]Tf  exp  i(cof  t  —  Ki(x) 

c 

+  i[c(Of/Vl  —  cof/c]Nf  exp  i(cof  t  —  (o(x/V0)  +  C.C., 

where  K?r  c2  —  (of  —  co2  and  c  is  the  speed  of  light.  The 
transmission  and  reflection  coefficients  can  be  obtained  by 
using  the  three  boundary  conditions:  (1)  continuity  of  £;  (2) 
continuity  of  B;  and  (3)  vanishing  of  J,  at  the  front.  The 
fields  and  the  frequencies  can  be  transformed  back  to  the 

laboratory  frame  in  which  the  electric  field,  Et,  of  the  trans¬ 

mitted  wave  is  found  to  be : 

2  E;  KffC2 

,_l+ef1/2’  £f“  (of  ’ 

the  frequency : 

<W.  =  y0K  -  *o  K«)  ~  (Oj , 
and  the  wavevector: 

.  («?-c W 2 


The  electric  field,  £R,  of  the  reflected  wave  is  given  by: 


with  the  frequency  of  coR  x  4yo  and  the  wavevector  KR  = 
coR  e/c.  The  magnetic  field,  Bn ,  of  the  new  mode  is  (its  elec¬ 
tric  field  vanishes  in  the  laboratory  frame) : 


Bn  —  2/?0  £; 


1  —  /?o \fE f 


with  the  frequency  <x>B  =  (ot  —  K(  V0  =  0  and  the  wavevector 
Kb  =  V0  KJ{c  +  K0).  The  magnitudes  of  the  fields  £,,  £R  and 
Bn  can  be  investigated  for  the  overdense  and  the  underdense 
regimes  defined  by  requiring  cop  >  (ot  and  <op  <  (o(,  respec¬ 
tively.  In  the  overdense  case,  i.e.  a)p  >  <wf  =  2y0(o,;  c2K2{  < 
0,  the  transmitted  wave  is  evanescent.  The  amplitudes  of  the 
reflected  and  the  incident  waves  are  equal.  The  up-shifted 
frequency  coR  a  4yo  «i  <  2<uu  due  to  the  overdense  condi¬ 
tion,  where  yl  =  c^/cd2  .  The  magnitude  of  the  static  mag¬ 
netic  field  is  twice  that  of  the  incident  field.  The  energy 
conservation  tells  us  that  the  static  magnetic  field  exists  over 
a  region  half  as  big  as  that  of  the  incident  field.  In  conclu¬ 
sion,  in  the  overdense  case  one  gets  a  reflected  wave  of  much 
higher  frequency  (oR  and  of  much  shorter  duration  tr  since 
( Ofja) j  =  t ;/tr  ,  where  tj  is  the  pulse  duration  of  the  incident 
radiation.  In  the  underdense  case,  co{  =  2y0  g)|  = 
2cuu  coj/top  >  cop .  The  frequency  cot  of  the  transmitted  wave 
in  the  laboratory  frame  is  co,  =  y0(eof  —  V0  Kt{)  a  coj(l 
+  cop/4cof).  Thus,  co,  >  co,  for  cOp/4cof  1,  though 
co2/4cof  <  yo  •  The  transmission  coefficient,  1 1 1  — >  1,  the  mag¬ 
netic  field  coefficient  n  =  BJE,  -*■  2  for  co2/4cof  P  1.  The 
combination  1 1  \  -*  1  and  n  -*•  2  does  not  cause  any  violation 
of  energy  convervation.  In  the  laboratory  frame,  the  group 
velocity  of  the  transmitted  wave  is  given  by: 


co2J(o2)112 


(1  -  a>2/4(of)/2yl  <  0, 


Physica  Scripta  T52 


Reflection  of  Radio  Radiation  at  Ionization  Fronts  in  Emission  Line  Regions  117 


also  the  wave  vector,  Kt  =  co^l  —  co2/4cof)/c  <  0.  The  trans¬ 
mitted  wave,  thus,  carries  energy  in  the  direction  of  the 
reflected  wave. 


3.  In  AGN 


We  choose  the  typical  values  of  the  various  quantities  as: 
the  frequency  cou  of  the  ionizing  photons  =  1015m15u  sec-1; 
the  electron  density,  n,  in  the  plasma  of  accretion  disks  or 
emission  line  region  =  1010n10cm-3.  This  gives  us  co2  =  3 
x  1019n10sec-2,  yl  =  1013co25u/3nlo .  Let  the  frequency  of 
the  incident  radiation  a);  =  109<y9isec-1.  In  the  overdense 
case,  the  up-converted  reflected  wave  has  a  frequency  coR  = 
1.33  x  1022coJ5u  cogJn10  which  must  be  less  than  2cou  so  that 
(G)15uco9i/n10)  <  1.5  x  10~6.  Thus,  for  n10  «  105,  cuj5  = 
a>9i  =  1,  the  GHz  radiation  can  be  converted  into  infrared 
radiation  at  coR  x  1015sec_1,  with  energy  density  |£R|2  = 

|  £j  |2  and  the  pulse  duration  reduced  by  a  factor  x  106. 

In  the  underdense  case,  the  transmitted  wave  has  a  fre¬ 
quency  cot  =  co9i[109  -I-  O.75n10/co9i]  along  with  the  condi¬ 
tions  that 


»i  o 

coli  *  (021Su 


and 


«io  _4_ 
(o29i  *  30 


or 


4  n ip  2co15u 

30  to9i  3 


105, 


One  notes  that  this  range  of  electron  densities  includes 
almost  every  value  suggested  either  by  accretion  disks,  par¬ 
tially  ionized  dense  gas  blobs  or  emission  line  regions.  In 
conclusion,  the  reflection  of  radio  radiation  off  the  ioniza¬ 
tion  fronts  can  generate  high  frequency  and  short  duration 
localized  pulses.  Could  it  be  that  the  part  of  the  rapid  corre¬ 
lated  variability  in  the  radio  to  optical  region  is  triggered  by 
the  onset  of  ionization  of  the  gas  clouds?  The  conversion  of 
radio  radiation  to  higher  frequencies  and  the  generation  of 
high  frequency  radiation  by  Compton  and  Raman  scat¬ 
tering  of  fast  electrons  off  the  newly  generated  spatially 
periodic  magnetic  field,  can  significantly  contribute  to  the 
time  variability  of  AGN  emission. 
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Abstract 

The  universe  is  made  up  of  plasmas  and  fluids.  The  plasma  phenomena 
exhibits  itself  through  electromagnetic  processes  and  the  fluid  through  con¬ 
figurational  processes.  I  shall  try  to  illustrate  both  these  aspects  by  taking 
examples  from  the  observable  universe. 


1.  Introduction 

Plasmas  are  so  prevalent  throughout  the  cosmos  that  it  is 
the  “Plasma  Universe”,  a  term  first  coined  by  the  Nobel 
Laureate  Hannes  Alfven,  that  we  are  trying  to  observe  and 
understand.  You  may  find  it  disconcerting  that  our  aware¬ 
ness  of  the  three  common  states  is  barely  adequate  to  com¬ 
prehend  about  one  percent  of  the  universe,  the  other  99 
percent  being  in  the  plasma  state. 

Since  most  of  the  universe  is  in  the  plasma  state,  I  guess 
knowing  plasmas  would  help  us  to  understand  some  of  the 
workings  of  the  universe.  Of  course,  it  is  the  thermonuclear 
fusion  that  is  the  preoccupation  of  most  of  the  laboratory 
plasma  physicists.  Plasma  physics  has  also  drawn  the  atten¬ 
tion  of  the  people  seeking  the  ultimate  accelerators.  But 
man  does  need  bread  to  live  and  that  takes  him  into  the 
realm  of  technological  applications  of  plasma  from  commu¬ 
nication  to  dyeing  to  deposition  of  ions  on  materials. 

Filamentary  structures  of  all  sizes  and  shapes  are 
observed  on  all  scales  in  the  universe.  Be  it  stellar  and  plan¬ 
etary  atmospheres,  supernovae  ejecta,  planetary  nebulae, 
galactic  environment  or  extragalactic  realms.  The  macro¬ 
scopic  stability  of  these  structures  is  studied  using  single  and 
the  two-fluid  description  of  a  plasma.  This  description 
relates  the  size,  the  pressure,  the  fields  and  the  flows  in  a 
plasma  structure. 

One  learns  about  these  structures  through  the  character¬ 
istics  of  radiation  that  propagates  through  or  generated  in 
them.  For  example,  quasiperiodic  time  variations  in  the 
radiation  flux  may  indicate  an  oscillatory  state  of  the  emit¬ 
ting  region.  Similarly,  one  can  learn  about  the  medium 
through  which  the  radiation  propagates.  For  example,  the 
observed  delay  in  the  arrival  time  of  pulses  of  different  fre¬ 
quencies  from  a  pulsar,  is  attributed  to  the  dispersion 
properties  of  the  interstellar  medium.  This  time  delay  can  be 
related  to  the  electron  density,  the  magnetic  field  and  the 
size  of  the  intervening  interstellar  medium.  The  nonthermal 
radio  emission  from  the  Sun  reveals  the  density,  tem¬ 
perature,  magnetic  field  and  geometrical  nature  of  the  solar 
corona.  It  is  through  the  absorption  and  scattering  of  elec¬ 
tromagnetic  radiation  in  the  emission  line  regions  of  a 
quasar  that  we  hope  to  learn  about  the  invisible  central 
object,  suspected  to  be  a  black  hole. 


2.  Plasmas  as  sources  of  coherent  radiation 

A  source  of  radiation  is  coherent  if  its  size  is  smaller  than 
the  wavelength  of  the  radiation  it  emits,  for  then  one  can 
neglect  the  differences  in  the  retarded  times  of  the  various 
parts  of  the  source.  It  is  in  the  realm  of  coherent  sources  of 
electromagnetic  radiation  that  plasmas  exhibit  their  versatil¬ 
ity,  the  most.  Plasmas  are  good  at  fast  and  large  releases  of 
energy.  This  is  possible  as  it  can  store  free  energy  in  several 
forms,  either  as  gradients  in  configuration  and/or  gradients 
in  velocity  space.  Thus,  large  departures  from  equilibrium 
are  allowed  to  grow  which,  then  are  permitted  relaxation  in 
an  explosive  manner.  Solar  flares  are  one  such  phenomenon 
where  a  complex  configuration  of  magnetic  and  velocity 
fields  becomes  unstable  and  the  relaxation  occurs  through  a 
release  of  kinetic  and  electromagnetic  energy.  Most  of  the 
strong  radio  sources  involve  nonthermal  (non-Maxwellian) 
distributions  of  energetic  particles  which  relax  by  a  com¬ 
bination  of  single  particle  and  plasma  processes,  the  latter 
being  always  more  efficient  and  faster,  if  and  when  they 
happen.  Often,  the  radiation  observed  from  astrophysica! 
sources  has  several  components  in  it.  There  may  be  a  steady 
emission  over  which  is  superimposed  a  fast  varying  or  a 
quasi-periodic  component,  or  the  contribution  of  thermal  to 
nonthermal  may  vary  in  different  parts  of  a  single  source ;  or 
the  emission  may  appear  as  absorption  at  some  parts  of  the 
spectral  region.  All  these  situations  involve  a  host  of  wave- 
particle  and  wave-wave  interaction  processes  which  can 
enhance  or  eliminate  certain  spectral  regions.  Therefore,  the 
generation  and  propagation  characteristics  of  radiation  arc 
the  diagnostics  of  the  physical  conditions  in  the  distant 
objects. 

3.  Nonlinear  plasma  processes 

A  plasma,  by  nature  is  hyperactive.  More  often  than  not,  it 
responds  violently  to  external  stimuli  in  an  attempt  to  attain 
equilibrium.  When  subjected  to  strong  radiation  fields,  it 
exhibits  a  variety  of  nonlinear  processes  which  modify  its 
parameters  as  well  as  those  of  the  radiation.  When  the  size 
of  the  plasma  region  disturbed  by  an  electromagnetic  wave 
is  much  larger  than  the  mean  free  path  of  an  electron,  an 
electron  can  gain  enough  energy  before  suffering  collisions 
with  other  ions  and  neutrals.  Further  the  large  mass  differ¬ 
ence  between  electrons  and  other  particles  hinder  the  trans¬ 
fer  of  energy  from  electrons  to  the  heavy  particles.  Thus  the 
electric  field  of  the  electromagnetic  wave  heats  the  electrons 
preferentially,  as  a  result  of  which  the  dielectric  constant,  e, 
and  the  conductivity,  a,  of  the  plasma  become  functions  of 
the  electromagnetic  field  and  a  nonlinear  relation  between 
the  electric  field,  E,  and  the  current  density,  /  =  a(E)E,  is  set 
up.  In  the  opposite  case,  when  the  size  of  the  disturbed 
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plasma  region  is  much  smaller  than  the  mean  free  path  of 
an  electron,  the  inhomogeneous  electric  field  of  the  electro¬ 
magnetic  wave  exerts  a  pressure  on  the  electrons,  creating 
compressions  and  rarefactions.  Then,  the  dielectric  constant 
begins  to  depend  on  the  electromagnetic  field  and  the 
plasma  again  becomes  a  nonlinear  medium.  Summarizing  a 
collisional  plasma  becomes  nonlinear  mainly  through  the 
dependence  of  electron  temperature  on  the  electromagnetic 
field  and  a  collisionless  plasma  becomes  nonlinear  mainly 
through  the  dependence  of  electron  density  on  the  electro¬ 
magnetic  field. 

In  such  a  nonlinear  medium  an  electromagnetic  wave 
undergoes  anomalous  absorption,  anomalous  scattering, 
modulation  and  polarization  changes  through  the  excitation 
of  parametric  instabilities.  Here,  the  driving  energy  is  con¬ 
tained  in  a  finite  amplitude  wave,  electrostatic  or  electro¬ 
magnetic  that  impinges  on  a  plasma.  It  then  couples  with 
other  waves  in  the  plasma  and  drives  them  unstable.  These 
unstable  waves  may  eventually  undergo  dissipation  and 
heat  or  accelerate  plasma  particles.  This  class  of  instabilities 
also  plays  an  important  role  in  the  generation  of  high  fre¬ 
quency  radiation  from  the  low  frequency  radiation,  e.g. 
through  a  process  called  Stimulated  Raman  Scattering 
where  low  frequency  radiation  by  scattering  on  the  electron 
plasma  wave  of  a  high  energy  electron  beam  is  converted 
into  a  high  frequency  radiation,  a  process  akin  to  inverse 
Compton  scattering  but  with  the  important  difference  that  a 
single  electron  in  the  Compton  scattering  is  substituted  by 
an  electron  plasma  wave  in  the  Raman  scattering.  Both 
these  processes  have  been  applied  to  explain  the  properties 
of  quasar  nonthermal  radiation. 

In  the  reflection  region  an  incident  electromagnetic  wave 
(k0 ,  <o0)  can  decay  into  an  electron  plasma  wave  (A, ,  a>,)  and 
an  ion-acoustic  wave  (Ai?  C0j)  leading  to  the  anomalous 
absorption  instead  of  reflection.  On  the  other  hand  in  the 
underdense  region  (co0  >  copc),  the  incident  radio  wave  can 
decay  into  an  electron  plasma  wave  (A, ,  co,)  and  an  electro¬ 
magnetic  wave  (As ,  ojs)  leading  essentially  to  backscattering. 
Thus,  the  underdense  region  becomes  a  reflecting  medium 
instead  of  a  transparent  medium.  At  a  special  site  in  an 
underdense  region,  known  as  the  quarter  critical  region, 
where  co0  =  2 a>pc ,  the  incident  wave  can  undergo  anom¬ 
alous  absorption  by  decaying  into  two  electron  plasma 
waves  or  scattering  by  decaying  into  an  electron  plasma 
wave  and  an  electromagnetic  wave.  The  growth  rates  and 
the  thresholds  then  determine  the  dominance  or  otherwise 
of  the  two  processes.  Parametric  instabilities  have  been 
widely  studied  in  the  Earth’s  ionospheric  plasmas  as  well  as 
in  the  solar  corona. 

4.  Fast  plasma  processes  in  quasars 

We  have  attempted  to  understand  the  generation  of  the 
quasar  continuum  radiation  and  its  interaction  with  the  sur¬ 
rounding  plasma,  particularly  emphasizing  the  role  of 
plasma  processes,  which  being  coherent  in  nature,  enhance 
the  scattering  and  absorption  rates,  sometimes  by  several 
orders  of  magnitude,  over  the  ones  obtained  from  single 
particle  processes. 

The  continuum  emission  of  a  quasar  is  in  the  form  of  a 
power  law,  Fv  oc  v-®,  consisting  of  several  components:  in 
the  low  frequency  (v  <  1  GHz)  radio  region,  a  «  0.1;  in  the 


X-ray  region  a  <  0.7.  The  entire  spectrum  when  fitted  with 
an  average  value  of  a  =  1  shows  bends  in  the  radio,  bumps 
in  the  blue  and  distinct  variations  in  the  hard  X-ray  and 
y-ray  regions.  The  continuum  originates  very  near  the  black 
hole  and  then  interacts  with  the  surrounding  plasma,  which, 
as  a  result,  exhibits  phases  of  diverse  temperatures  and  den¬ 
sities. 

The  earlier  proposals  of  the  continuum  emission  include 
synchrotron  process  for  the  radio  radiation,  which  is  up- 
shifted  to  optical  and  X-rays  by  the  inverse  Compton  scat¬ 
tering. 

There  are  three  ways  by  which  the  scattering  of  radiation 
in  a  plasma  can  occur:  (i)  the  Stimulated  Raman  Scattering 
(SRS),  where  a  strong  electromagnetic  wave  is  scattered  off  a 
weakly  damped  electron  plasma  wave  (k  <?  kD),  ( ii )  the 
stimulated  Compton  scattering  (SCS),  where  a  strong  elec¬ 
tromagnetic  wave  is  scattered  of  a  highly  damped  electron- 
plasma  wave  (A  >  kD)  and  (iii)  the  Compton  scattering  (CS), 
where  the  electromagnetic  radiation  is  scattered  by  single 
electrons  (Fig.  1).  Here,  kD  is  the  Debye  wave  vector  and  k  is 
the  wave  vector  of  the  electron  plasma  wave.  While  estimat¬ 
ing  the  up  conversion  of  radio  radiation  the  elders  included 
the  contribution  only  of  the  process  (iii)  (CS). 

We  have  investigated  the  role  of  stimulated  scattering 
processes  in  the  generation  of  quasar  continuum.  In  addi¬ 
tion  to  accounting  for  the  general  features  of  a  typical 
quasar  continuum,  we  have  been  able  to  reproduce  almost 
the  entire  spectrum  of  the  quasar  3C  273  (Fig.  2)  by  suitably 
combining  SRS  and  SCS.  In  particular,  we  have  suggested 
that  the  bump  in  the  blue  region  may  be  due  to  a  change  of 
process  from  SRS  to  SCS.  In  the  process  of  reproducing  the 
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Fig.  1.  The  scattering  of  an  electromagnetic  wave  (A>  oj  in  a  plasma 
medium. 
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Fig.  2.  The  spectrum  of  the  quasar  3C  273.  The  solid  lines  represent  the 
calculated  spectrum  and  the  spectrum  of  the  pump  wave.  The  observed 
points,  O  (February  1984)  and  A  (February  1986)  by  Courvoisier  et  al. 
[22],  are  also  plotted.  The  constants  are:  y0  =  3  x  103,  n0  =  9.24 
x  1017cm-3,  v0  =  4  x  1010  Hz  and  f0  =  7.1  x  10"  25  erg  cm" 2  sec-1  Hz-1. 

observed  spectrum  we  are  able  to  derive  the  spatial  varia¬ 
tions  of  the  plasma  parameters  in  the  emission  region.  One 
has  to  check  if  these  variations  are  compatible  with  the 
geometry  and  stability  of  the  accretion  flows  [1-5]. 

If  the  electron  energy  is  converted  into  radiation  via  the 
extremely  fast  processes  of  SRS  and  SCS,  then  it  must  also 
be  replenished  at  a  comparable  rate  for  the  sustained  emis¬ 
sion  from  quasars.  We  have  suggested  that  electrons  can 
gain  energy  through  an  equally  fast  process  of  Raman 
Forward  Scattering  in  which  the  electron-plasma  waves 
produced  by  the  beating  of  the  cyclotron  lines  provide  the 
necessary  electric  fields.  Several  issues  related  to  the  effi¬ 
ciency  of  these  processes  in  the  rather  inhomogeneous  and 
variable  environment  of  a  quasar,  need  to  be  investigated 
in-depth  [4]. 

5.  Anomalous  absorption  of  the  quasar  radiation 

The  electron  densities  of  the  thermal  plasma  in  the  environs 
of  a  quasar  are  such  that  the  corresponding  electron  plasma 
frequencies  lie  in  the  range  of  radio  frequencies.  This  opens 
up  several  avenues  by  which  the  radio  radiation  can  be 
absorbed  in  the  thermal  plasma  by  processes  more  efficient 
than  the  collisional.  Again,  through  the  processes  of  the 
parametric  decay  instability  and  the  stimulated  Raman  and 
Compton  scattering  followed  by  the  damping  of  the  electron 
plasma  and  the  ion  acoustic  waves,  the  plasma  can  be 
heated  to  much  higher  temperatures  in  much  shorter  times. 
The  plasma  temperature  is  one  of  the  most  important 
factors  in  the  emission  of  continuum  and  line  radiation  and 
is  also  responsible  for  the  inhomogeneous  distribution  of  the 
gas  [3,  5,  6]. 

These  absorption  processes  also  modify  the  spectral  dis¬ 
tribution  of  the  emitted  radio  radiation.  The  bends  in  the 
radio  continuum  of  a  quasar  could  therefore  be  in  part 
account  for  by  the  plasma  absorption  processes  [7]. 

The  21  cm  radio  radiation  is  always  associated  with  the 
spin-flip  transition  of  neutral  hydrogen  atoms.  Therefore 
the  absorption  feature  at  21cm  from  a  quasar  is  attributed 
to  the  neutral  hydrogen  clouds  which  can  exist  only  far 
beyond  the  reach  of  the  ionizing  continuum  of  a  quasar. 

We  have  shown  that  the  radio  continuum  around  the 
21  cm  will  be  anomalously  absorbed  via  the  plasma  pro¬ 


cesses  in  the  ionized  regons  lying  much  closer  to  the  central 
object.  If  so,  only  the  part  of  the  21cm  radiation  that 
tunnels  in  between  the  ionized  filaments,  will  be  available 
for  absorption  in  neutral  hydrogen  clouds.  This  would  put 
constraints  upon  the  positions,  sizes  and  densities  of  neutral 
hydrogen  regions  [8]. 

We  have  also  investigated  the  potential  of  plasma  pro¬ 
cesses  in  explaining  the  apparent  superluminal  motion  of 
compact  radio  sources  as  well  as  the  extremely  rapid 
changes  in  the  polarization  properties  of  the  radiation  [5, 

9]. 

The  modulational  instability  of  a  large  amplitude  electro¬ 
magnetic  wave  propagating  in  an  electron-positron  plasma 
is  investigated  by  Gangadhara,  Krishan  and  Shukla  [10].  It 
is  shown  that  the  observed  time  variability  in  the  radiation 
from  active  galactic  nuclei  and  pulsars  may  be  explained 
through  the  excitation  of  the  modulational  instability. 

In  astrophysical  situations,  ionization  of  hydrogen  is 
believed  to  be  due  to  the  stellar  ultra-violet  radiation, 
cosmic  rays  and  X-rays.  Recently  laboratory  experiments 
have  shown  the  possibility  of  ionizing  hydrogen  by  micro- 
wave  radiation.  It  is  a  stochastic  excitation  process  and  is 
associated  with  the  destruction  of  the  invariant  tori  of  a 
chaotic  system.  We  have  explored  the  role  of  this  process  in 
the  ionization  and  the  production  of  extremely  highly 
excited  states  of  hydrogen,  since  recombination  lines  corre¬ 
sponding  to  very  high  values  of  the  principal  quantum 
number  have  been  observed  [1 1], 

6.  More  on  frequency  upconversion  and  variability 

It  is  known  that  high  frequency  short  duration  electromag¬ 
netic  pulses  can  be  generated  by  reflection  of  low  frequency 
radiation  off  relativistically  moving  ionization  fronts  [12, 
and  references  therein].  In  addition,  a  part  of  the  incident 
electromagnetic  energy  is  converted  into  a  spatially  periodic 
static  magnetic  field.  This  phenomenon  has  been  investi¬ 
gated  (this  conference  proceedings)  in  the  emission  line 
region  (ELR)  and  accretion  disks  of  active  galactic  nuclei, 
where  relativistically  moving  ionization  fronts  are  created 
by  the  ionizing  continuum.  It  is  suggested  that  this  process 
may  play  an  essential  role  in:  (1)  causing  rapid  correlated 
variability  in  radio  radiation  and  high  frequency  parts  of  the 
non-thermal  spectrum;  (2)  generating  high  frequency  radi¬ 
ation  through  scattering  of  relativistic  electrons  of  the  spa¬ 
tially  periodic  magnetic  field,  a  by-product  of  the  reflection 
process;  (3)  the  diagnostics  of  the  emission  line  region;  and 
(4)  absorption  of  the  radio  radiation.  The  anomalous 
absorption  of  radio  radiation  in  ELR  through  parametric 
decay  instabilities  has  been  pointed  out  earlier.  Interaction 
of  the  radio  radiation  with  ionization  fronts  further 
strengthens  the  case  for  the  existence  of  strong  correlation 
between  the  nonthermal  radio  continuum  and  the  ELR  phe¬ 
nomena  as  the  multiwavelength  observations  of  AGN  arc 
beginning  to  do. 

7.  Nonthermal  emission  from  dust 

An  electron  moving  with  the  superluminal  velocity  in  a 
dielectric  medium  gives  rise  to  the  spontaneous  Cerenkov 
radiation.  If,  instead  of  a  single  electron,  a  high  density 
superluminal  electron  beam  is  made  to  pass  through  the 
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Fig.  3.  Cerenkov-Raman  scattering. 


dielectric,  the  spontaneously  generated  radiation  can 
undergo  exponential  amplification  and  is  known  as  stimu¬ 
lated  Cerenkov-Compton  radiation.  If,  in  addition,  an  inci¬ 
dent  electromagnetic  field  interacts  with  a  strong 
superluminal  or  subluminal  electron  beam,  a  frequency  up- 
converted  stimulated  scattered  radiation  is  produced,  which 
by  analogy  to  a  similar  process  in  vacuum  with  subluminal 
electron  beams  is  known  as  Cerenkov-Raman  radiation. 
We  explore  and  point  out  the  role  of  these  processes  in  the 
dust  environs  of  AGN.  Since,  the  refractive  index  of  the  dust 
matter  is  a  key  factor  in  these  processes,  their  inclusion  links 
the  properties  of  the  dust  grains  with  the  characteristics  of 
the  non-thermal  continuum  especially  in  the  infrared  and 
ultraviolet  range,  which,  the  observations  show  to  be  partic¬ 
ularly  bumpy  and  could  be  additonal  contributions  over  the 
thermal. 

Dust,  in  the  universe,  is  best  kown  for  its  reddening  and 
polarization  properties.  It  absorbs  ultraviolet  radiation, 
becomes  hot  and  reradiates  the  thermal  spectrum  corre¬ 
sponding  to  its  temperature.  The  highest  temperature,  it  can 
attain  before  sputtering  is  ~2000K,  which  gives,  from  the 
Wien’s  displacement  law,  the  maximum  wavelength  Xm  « 
1.5  pm.  Evidence  for  the  presence  of  dust  in  AGN  comes 
from  the  strong  thermal  infrared,  the  3.3  pm  emission,  the 
10  pm  silicate  absorption  and  polarization  of  the  continuum 
and  the  lines.  The  composition  of  the  dust  in  AGN  is 
suspected  to  be  different  from  that  of  the  circumstellar  and 
the  interstellar  dust.  This  is  inferred  from  the  near  absence 
or  weakness  of  the  2200  A  absorption  feature,  though  this  is 
also  true  for  stars  seen  in  the  Magellanic  clouds.  A  dust-to¬ 
gas  ratio  of  ~10  percent  of  the  galactic  interstellar  medium 
has  been  inferred  from  a  comparison  of  resonance  and  non¬ 
resonance  lines.  A  disk-like  or  a  toroidal  distribution  with 
10-20  times  the  dimensions  of  the  flattened  broad  line  emit¬ 
ting  region  has  been  necessitated  for  explaining  the  asym¬ 
metric  line  profiles  and  reddening.  The  dust  particle  sizes 
have  been  deduced  to  be  much  smaller  than  the  sizes  of  the 
interstellar  grains. 


8.  Stimulated  Cerenkov  emission 


The  intensity  of  radiation  of  frequency  a>  produced  per  unit 
path  length  (z)  per  uniqut  frequency  interval  by  a  single  elec¬ 
tron  of  velocity  0cz  travelling  in  a  medium  of  dielectric  con¬ 
stant  e(oj)  is  given  by  [13] 


d/(m)  e2a>  (  1  \ 

“d r  =  l5"  V  02  W' 


(1) 


The  spontaneous  Cerenkov  radiation,  being  proportional 
to  the  number  of  electrons,  is  a  weak  process.  It  can  be 
strengthened  if  the  prebunched  electron  beam  of  bunch  size 


smaller  than  the  wavelength  of  the  radiation  is  sent  through 
the  medium.  The  stimulated  processes  achieve  bunching  of 
electrons  through  the  excitation  of  electron  plasma  waves. 

In  a  dielectric,  a  low  frequency  (<Wj)  radiation  can  be  up- 
converted  to  a  high  frequency  (cos)  radiation  through  a 
process  known  as  the  Cerenkov-Raman  in  analogy  with  the 
stimulated  Raman  scattering  in  a  vacuum  or  a  plasma  [14]. 
The  change  in  the  frequency  of  radiation  due  to  its  scat¬ 
tering  off  fast  electrons  in  the  presence  of  a  dielectric  of 
refractive  index,  n(tu),  can  be  determined  from  kinematic 
relations  of  energy  and  momentum  conservation  and  is 
given  as  [15] 
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for  0o  n(o}f  >  1, 
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(2) 


Here,  B-,  and  9S  are  the  incident  and  scattering  angles  as 
shown  in  Fig.  3.  Since  n(cos)  >  1,  one  can  have  large  amplifi¬ 
cation  for  smaller  values  of  0O  as  compared  to  the  vacuum 
case.  The  dynamics  of  this  process  involve  three-wave  scat¬ 
tering  where  the  incident  mode,  CO; ,  is  scattered  off  the  col¬ 
lective  mode  of  the  beam  electrons  into  the  scattered 
radiation  (<us).  It  can  be  shown  that  the  phase  matching  con¬ 
ditions  for  the  three-wave  process  are  identical  to  the  kine¬ 
matic  relations.  The  growth  rate  for  this  process  can  be 
calculated  by  using  the  standard  techniques  of  the  para¬ 
metric  instabilities. 

We  stress  that  the  inclusion  of  stimulted  processes  in 
plasmas  and  dust  could  alleviate  many  of  the  spectral  and 
time  variability  problems  of  AGN,  in  addition  to  providing 
correlated  nonthermal  radiation  over  a  broad  spectrum. 


9.  Large  scale  structure  of  the  universe 

The  formation  of  the  observed  hierarchy  of  large  scale  struc¬ 
tures  [16]  in  the  universe  remains  a  challenging  problem  in 
cosmology.  The  distribution  of  galaxies  does  not  appear  as 
a  random  sprinkling.  Galaxies  are  seen  held  together  in 
clusters  and  superclusters  of  a  few  Mpc  size  as  well  as  in 
sheets  and  arcs  of  sizes  as  large  as  as  100  Mpc. 

The  gravity  of  the  visible  matter  by  itself  appears  to  be 
too  weak  to  form  such  large  structures  from  the  initial 
density  perturbations  in  time  scales  comparable  with  the 
Hubble  age.  The  conventional  understanding  of  the  clus¬ 
tering  of  galaxies  rests  on  the  wishful  existence  of  several 
types  of  dark  matter  [17].  The  nature  of  the  invisible  matter 
is  only  one  of  the  many  issues  that  these  theories  have  to 
settle.  The  one-way  turbulence  theory  by  which  large  struc¬ 
tures  decay  into  small  ones,  was  forsaken  sometime  ago  due 
to  the  rather  large  hydrodynamic  time  scales  and  the  - 
“bottom-up”,  i.e.  small  structures  were  formed  first,  dictates 
of  the  observations. 

The  “bottom-up”  is  precisely  what  can  be  achieved  by  an 
inverse  cascade  of  energy.  We  have  proposed  that  the  super¬ 
cluster  and  the  giant  clusters  like  the  Great  Wall  form  from 
the  elementary  structures  like  galaxies  or  small  clusters  of 
galaxies  [18].  Velocities  and  sizes  of  the  large  scale  struc¬ 
tures  derived  from  the  inverse  cascade  process  are  consistent 
with  the  observations.  In  fact,  the  energy  spectrum  shown  in 
Fig.  4  is  applicable  to  solar  granulation  [19]  as  well  as  to 
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Fig.  4.  Turbulent  energy  spectrum,  Lz  =  scale  of  the  break  due  to  buoy¬ 
ancy,  Lc  =  scale  of  the  second  break  due  to  the  Coriolis  force,  C  =  cluster 
or  granule,  SC  =  super-cluster  or  super-granule  and  GC  =  giant-cluster  or 
giant  cell. 

the  large  scale  structure  of  the  universe  with  the  appropriate 
scaling.  The  energetics  indicates  that  turbulent  velocities  of 
« 300  km  sec-1  at  the  galactic  scale  («few  kpc)  are  suffi¬ 
cient  to  form  structures  of  a  few  Mpc  with  peculiar  velo¬ 
cities  of  a  few  thousand  km  sec-1,  in  a  time-scale  of 
~3  x  109  years.  Further,  the  [In  (L)]  branch  of  the  energy 
spectrum  lies  exactly  at  a  scale  (i.e.  between  clusters  and 
superclusters)  where  a  paucity  of  structures  was  seen  obser- 
vationally.  We  have  successfully  modelled  the  flat  rotation 
curves  of  many  galaxies  combining  the  effects  of  rigid  rota¬ 
tion,  gravity  and  inverse  cascades  in  a  turbulent  medium 
[20].  Of  course,  the  final  verdict  about  the  success  of  inverse 
cascade  can  only  be  given  after  enough  information  on 
peculiar  motion  of  these  objects  becomes  available.  We  have 
also  considered  the  large  scale  structure  of  the  universe  by 
the  Navier-Stokes  way  [21]. 

The  modification,  that  may  arise  due  to  the  universe 
being  in  a  state  of  expansion,  is  being  worked  out. 

Based  on  these  preliminary  results,  we  have  put-forward 
the  following  suggestions: 

(i)  The  universe  has  distinct  regions  of  rotational  and 
potential  flow.  The  phenomenon  of  clustering  takes  place  in 
the  rotational  flow  regon  through  the  inverse  cascade  of 
energy. 

00  In  the  irrotational  or  the  potential  flow  dominated 
regions,  the  organized  structures  cannot  form.  The  fluid  ele¬ 
ments  are  in  a  random  state  of  small  scale  motions,  which 


may  appear  as  a  continuum  and  this  is  what  we  may  be 
interpreting  as  voids.  Thus,  contrary  to  the  popular  belief, 
voids  are  not  empty.  In  fact  they  may  contain  motions 
which  are  more  compressible  than  the  ones  associated  with 
the  clustering  phenomenon. 

(in)  The  seemingly  disparate  phenomenon  of  (a)  non¬ 
equilibrium  motions  on  stellar  surfaces,  ( b )  the  generation  of 
large  scale  magnetic  field;  and  (c)  the  large  scale  structure  of 
the  universe  have  their  origin  in  the  inverse  cascade  of 
energy  leading  to  self-organization  in  an  otherwise  turbulent 
medium. 

I  have  indicated  some  of  the  exciting  and  essential  roles 
that  the  plasma  processes  play  in  astrophysics.  We  have 
made  a  small  beginning  and  a  lot  more  remains  to  be  done 
for  as  Nietzsche  says  “It  is  not  sufficient  to  prove  a  case,  we 
must  also  tempt  or  raise  men  to  it;  Hence  the  wise  man 
must  learn  to  convey  his  widsom;  and  often  in  such  a 
manner  that  it  may  sound  like  foolishness.” 
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Abstract 

Rotating  cosmic  magnets,  rotation-powered  radio  pulsars,  for  example,  can 
accelerate  electrically  charged  particles  to  very  high  energies.  In  this  paper, 
I  shall  discuss  some  of  the  physical  mechanisms  at  work  in  this  type  of 
cosmic  accelerators. 

The  Lorents-Dirac-Landau  equation  governing  the  development  of  par¬ 
ticle  orbits  and  of  particle  energy  is  reproduced  from  Maxwell’s  tensor 
using  arguments  of  causality  and  self-consistency.  Special  attention  is  given 
to  the  role  of  radiation  pressure. 

In  the  immediate  vicinity  of  the  surface  of  a  magnetized  sphere,  rotating 
with  its  vector  of  magnetic  dipole  moment  p  inclined  or  orthogonal  to  its 
vector  of  angular  velocity  w,  charge  clouds  are  found  to  be  formed  under 
the  influence  of  the  force-free  surface  FFS.  Preliminary  results  of  numerical 
iterations  deliver  a  detailed  picture  of  these  plasma  configurations  charac¬ 
terized  by  global  charge  separation. 

If  the  velocity  of  rotation  is  sufficiently  high  and  if  the  magnetic  dipole 
moment  is  sufficiently  strong  the  formation  of  an  evacuated  region  around 
the  rotating  magnet  is  predicted  in  a  fully  ionized,  thin  ambient  plasma. 
Correspondingly,  two  classes  of  objects  are  distinguished  according  to 
whether  an  evacuated  region  of  acceleration  does  or  does  not  exist.  Prelimi¬ 
nary  results  of  relativistic  N-body  plasma  simulations  confirm  these  predic¬ 
tions. 

1.  High  energy  particles  in  pulsar  magnetospheres 

The  present  work  is  directed  to  the  understanding  of  funda¬ 
mental  electromagnetic  processes  evolving  in  rotating, 
strongly  magnetized  objects  rather  than  to  the  reproduction 
and  phenomenological  description  of  data  observed  from 
individual  cosmic  objects. 

In  Part  2  classical  equations  of  motion  which  (together 
with  Maxwell’s  equations)  govern  individual  particle 
dynamics  will  be  discussed. 

Well  known  arguments,  reproduced  in  Section  2.1,  lead  to 
the  conclusion  that  the  Lorentz-Dirac  equation  (L-D 
equation)  cannot  be  the  correct  equation  of  motion. 

A  deduction  of  the  so-called  Lorentz-Dirac-Landau  equa¬ 
tion  (L-D-L  equation)  from  Maxwell’s  tensor  using  causality 
and  self-consistency  arguments  is  given  in  Section  2.2. 

The  role  of  radiation  pressure  in  the  generation  of  radi¬ 
ation  reaction  force  is  demonstrated  in  Section  2.3.  This 
mechanism  will  be  illustrated  by  particle  acceleration 
through  radiation  pressure. 

In  Part  3  the  formation  of  plasma  configurations  around 
rotating  cosmic  magnets  will  be  discussed. 

For  methodical  reasons  this  work  was  done  in  two  stages. 
“Stage  one”  is  devoted  to  the  dynamics  of  just  one  particle 
of  mass  m  and  electric  charge  e  within  the  electromagnetic 


1  Lecture  delivered  to  the  Int.  Workshop  on  Acceleration  and  Radiation 
Generation  in  Space  and  Laboratory  Plasmas,  Kardamyli,  Greece,  Aug. 
29-Sept.  4  (1993). 


vacuum  fields  of  a  rotating,  homogeneously  magnetized 
sphere.2  On  “stage  two”  work  is  extended  to  configurations 
consisting  of  a  rotating  magnet  embedded  in  an  ambient 
plasma  and  bestowed  with  an  outflow  of  electrically  charged 
particles  from  the  rotating  magnet. 

In  order  to  produce  a  coherent  picture  of  the  scenario, 
most  of  the  numerical  results  accomplished  are  based  on  a 
standard  set  of  parameters  believed  to  be  typical  of  pulsars. 
This  standard  set  of  parameters  is  compiled  in  Table  I. 

It  is  of  advantage  to  substitute  parameters  <u  and  ft  by 
two  other  parameters,  each  with  the  dimension  of  a  length. 
One  is  the  radius  of  the  light  cylinder  rL  =  c/co  character¬ 
izing  the  state  of  rotation.  This  so-called  light  radius  is 
about  rL  =  5000  km  for  the  standard  set  of  parameters,  that 
is  almost  about  equal  to  the  radius  of  the  Earth. 

Another  parameter  relevant  for  particle  dynamics  in  the 
fields  of  a  rotating  magnet  is  the  typical  radius  rx  = 
(ep/mc2)112  characterizing  the  electromagnetic  properties  of 
the  system.  Since  the  mass  of  the  particle  under  consider¬ 
ation  enters  into  this  parameter,  there  are  two  typical  radii, 
one  for  electrons  and  one  for  protons.  Of  these  the  typical 
radius  for  protons  is  the  main  interest  here.  For  the  stan¬ 
dard  set  of  parameters,  the  typical  radius  for  protons  is 
about  rT  =  5  Mio  km  that  is  about  ten  times  the  radius  of 
the  Sun. 

Outside  the  transition  zone,  separating  the  near  zone 
from  the  wave  zone,  the  local  amplitude  of  the  vacuum 
wave  field  at  a  distance  r0  from  the  orthogonal  rotator 
{X  =  n/2)  is  E  =  H  =  2ll2fi/rlr0=f0mc2/erh  with  f0  = 
21/2r|/rLr0,  along  the  axis  of  rotation  (0  =  0,  n),  i.e.  for 
circular  polarization.3 


Table  I.  Standard  set  of  parameters  for  rotating,  magnetized 
neutron  star  ( considered  to  be  typical  for  pulsars) 


Parameter 

Numerical  value 

Radius 

rN  =  106cm  =  10  km 

Mass 

Mn  =  Ms  =  1.98  x  1033  g 

Angular  velocity  of  rotation 

co  =  20  x  n  s  " 1  =  10  Hz 

Magnetic  dipole  moment 

p  =  103OGcm3 

Angle  of  inclination 

X  =  2-{co,  p}  =  n/2 

2  A  review  of  conclusions  reached  on  “stage  one”  is  given  in  [1].  Most  of 
our  results  on  charged  particle  dynamics  in  the  fields  of  rotating  cosmic 
magnetics  are  based  on  the  L-D-L  equation. 

3  In  the  general  case,  for  arbitrary  latitudinal  angle  ©,  the  dimensionless 
amplitude  is  f0  =  (rj/rLr0Xl  +  cos2  ©)1/2.  Especially,  in  the  equatorial 
plane  of  rotation, /0  =  rj/rLr0,  in  agreement  with  {69}  of  [2].  (Formulae 
given  in  [2]  are  quoted  here  in  curled  brackets,  { # }). 
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In  Section  3. 1  recent  results  of  numerical  iterations  concern¬ 
ing  the  formation  of  space  charges  under  the  influence  of  the 
force-free  surface  (FFS)  will  be  reproduced. 

Particle  decoupling  from  spherical  wave  fields  is  of  rele¬ 
vance  for  processes  in  the  outer  regions  of  rotating  cosmic 
magnets  where,  if  particles  have  decoupled,  the  electromag¬ 
netic  field  is  a  vacuum  wave  field.  This  will  be  discussed  in 
Section  3.2. 

As  will  be  shown  in  Section  3.3,  within  a  certain  range  of 
parameter  space,  the  formation  of  an  evacuated  region  and, 
as  a  consequence,  of  a  plasma  border  (PB)  is  predicted  from 
the  osculation  theorem. 

Correspondingly,  two  classes  of  cosmic  accelerators  may 
be  distinguished,  one  by  which  a  PB  is  formed  and  another 
by  which  this  is  not  the  case.  Estimates  on  the  location  of 
the  PB  are  given  for  the  case  of  comparatively  low  ambient 
plasma  density  and,  alternatively,  for  the  case  of  compara¬ 
tively  high  ambient  plasma  density,  in  Section  3.4.  These 
two  regimes  are  separated  by  the  typical  plasma  density  Nr 
related  to  plasma  frequency  of  the  ambient  medium.  Pre¬ 
liminary  results  of  relativistic  N-body  simulations  largely 
confirm  these  predictions,  as  demonstrated  in  Section  3.5. 

2.  Equations  of  motion 

2.1.  The  Lorentz-Dirac  equation 

The  classical  equation  of  motion  of  an  electrically  charged 
particle,  an  electron  for  example,  within  an  external  electro¬ 
magnetic  field  due  to  all  other  electrically  charged  particles 
around,  incorporating  radiation  reaction  may  be  written  [3] 

duj/dx  =  f/0  Fjk  GJk  u\  (1) 

where  tj0  =  e/mc  are  the  contravariant  components  of  four- 
velocity  and  Fjt  is  the  field  tensor  of  the  external  field.  Gjk  is 
the  radiation  force  tensor.  Latin  indices  run  from  0  to  3.  In 
the  case  of  the  L-D  equation  based  on  the  works  of  H.  A. 
Lorentz  [28],  M.  Abraham  [29,  30]  and  M.  Laue  [31,  32], 
the  radiation  force  tensor 

Gjk  =  G{-;D  =  ([d2uj/dz2~]uk  -  Uj[d2uk/dx2J)/c2  (2) 

is  constructed  from  the  second  kinematic  acceleration 
d2Uj/dx2.  t0  =  2e2/3 me3  is  the  radiation  constant. 

The  proof  suggested  by  P.  A.  M.  Dirac  [4]  essentially  is 
based  on  the  use  of  advanced  together  with  retarded 
Green’s  functions.  C.  Teitelboim  [5]  and  others  have  further 
developed  this  approach  using  subtraction  techniques  for 
mass  renormalization.  Several  authors  have  tried  to  over¬ 
come  the  problem  of  divergencies  by  postulating  finite  parti¬ 
cle  extension  suggesting  an  internal  structure  [6,  7]  or  by 
applying  the  De-Broglie-Schrodinger  wave  picture  to  the 
electron,  for  example,  [8],  Approaches  were  also  made  to 
prove  the  Lorentz-Dirac  equation  on  the  basis  of  quantum 
electrodynamics  making  use  of  perturbative  methods  [9].  It 
will  not  be  possible  to  discuss  this  extensive  research  work 
in  detail  here. 

The  L-D  equation,  unfortunately,  also  describes  runaway 
solutions.  For  vanishing  external  fields,  Fjk  =  0,  eq.  (1)  with 
(2)  after  multiplication  with  duJ/dz  reduces  to 

d{|  du/dt  |2}/dr  =  2 1  du/d z  |2/t0  (3) 
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with  the  (unphysical)  solution 

d  log  y/dz  =  (d  log  y/dz\=0  exp  (t/t0).  (4) 

These  difficulties  have  widely  been  discussed  in  literature. 
Obviously,  they  arise,  since  the  radiation  force  tensor  (2)  is 
defined  by  means  of  the  kinematic  acceleration. 

Runaway  solutions  can  be  avoided,  for  example,  by  an 
appropriate  choice  of  initial  conditions  for  acceleration.  But 
then  the  question  of  the  stability  of  these  solutions  arises. 

As  a  consequence  there  is  good  reason  to  believe  that  the 
L-D  equation  is  not  the  correct  classical  equation  of  motion 
for  an  electrically  charged  particle. 

2.2.  The  Lorentz-Dirac-Landau  equation 

Runaway  solutions  can  also  be  avoided  by  using  iterated 
forms  of  the  L-D  equation.  In  the  case  of  the  L-D-L  equa¬ 
tion  [10]  the  radiation  force  tensor  is 

Gjk  =  G^D-L  =  r\0  u‘dt  FJk  +  (u)Luk  -  Uj  u*L)/c2  (5) 

where  u1-1 L  =  r\l  Fjk  Fklut  is  an  abbreviation  for  the  second 
Lorentz  acceleration.  The  first  term  on  the  right  side  of  (5), 
gives  rise  to  a  third  order  contribution  of  the  interaction 
constant  e  to  radiation  reaction  force.  The  second  term4  on 
the  right  side  of  (5)  gives  rise  to  fourth  order  contributions 
of  the  interaction  constant  e  to  radiation  reaction  force.  It 
contains  two  contributions,  neither  of  which  may  separately 
be  considered  as  a  force.  The  first  of  these  two  contribu¬ 
tions,  is  related  to  what  sometimes  is  called  the  Schott  term, 
while  the  second  contribution  may  be  called  the  Larmor 
term  since  it  incorporates  Larmor’s  radiation  formula. 

In  the  momentary  rest  system  of  reference  (MRS),  the 
L-D-L  equation  reduces  to 

dvMRS/dt  =  ct]0E^J  +  cz0t]0  d-E^Rs/df 

+  CZ0  f/oC^MRS  !  ^MRs]>  (6) 

where  Emiw  and  is  the  electric  and  magnetic  vector, 

respectively,  of  the  external  field5. 

But  since  we  have  concluded  that  the  L-D  equation  (1) 
with  (2)  cannot  be  correct  and  since  the  L-D-L  equation  (1) 
with  (5)  is  understood  as  an  iterative  approximation  to  the 
L-D  equation,  the  L-D-L  equation  in  so  far  also  cannot  be 
seen  to  rest  on  solid  grounds  unless  a  stringent  proof  is 
found. 

In  view  of  the  importance  of  the  L-D-L  equation  for  theo¬ 
retical  studies  on  particle  dynamics  in  extremely  strong  elec¬ 
tromagnetic  fields  a  deduction  of  the  L-D-L  equation  from 
Maxwell’s  tensor  based  on  causality  and  self-consistency 
arguments  [11]  will  be  given  here. 

For  this  purpose  it  is  useful  to  consider,  in  its  MRS,  a 
particle  of  mass  m  and  electric  charge  e  within  an  external 
(given)  electromagnetic  field  represented  by  the  vectors 
and  //mrs,  respectively.  Then  the  total  electric  field  is 
described  by  the  electric  vector 

P  —  pEX  T  .  c-RAD  ,  rCOUL 
eMRS  —  eMRS  T  MRS  '  CMRS 


4  The  corresponding  component  of  radiation  “reaction”  force  may  be 
referred  to  as  the  Thomson  force  for  reasons  discussed  in  Section  2.3  of 
this  lecture. 

5  Gaussian  units  will  be  used  throughout  this  paper  so  that  both  the  elec¬ 
tric  as  well  as  the  magnetic  field  strength  are  measured  in  units  of 
1 G  =  300  V/c.  Brackets  (,)  are  for  the  scalar,  [,]  for  the  vector  product. 
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where 

E™L  =  eR0/R2  (8) 

is  the  Coulomb  field  of  the  particle  under  consideration.  R  is 
the  distance  from  the  particle  to  the  point  at  which  the  field 
is  considered.  R0  is  the  corresponding  unit  vector. 

The  particle  is  subject  to  a  (total)  force  KMtLS  and  therefore 
to  the  acceleration  drMRS/df  =  KMRS/m.  As  a  consequence  of 
its  acceleration  the  particle  is  expected  to  “create”  a  radi¬ 
ation  field  as  described  by  the  Lienard-Wiechert  potential 
or  by  the  corresponding  electric  and  magnetic  vectors 

^mrs(0  =  (rio/cR)lRo,  [*o,  ^mrs]]ret  (9) 

and 

^MRsW  =  (W<*)[*0,  [*0,  [*0.  ^MRs]]]rETj  (10) 

respectively.  (The  subscript  REX  stands  for  retardation.)  Then 
the  total  magnetic  field  is  described  by  the  vector 

//mrs  =  ^XJ  +  ^rs-  (11) 

Maxwell’s  tensor  is 

<TMRS  HV  =  £MRS  —  (l/47rX£MRS  H  £MRS  v  +  ^MRSp ^MRS  v)“RET” 

(12) 

where  Greek  indices  are  running  from  1  to  3  and 

£mrs  =  (1/8»X*£rs  +  ^mrsX  RET”  (13) 

is  the  total  energy  density  of  the  electromagnetic  field.  (-REX” 
now  has  been  put  into  apostrophes  meaning  that  retar¬ 
dation  applies  only  to  contributions  to  the  fields  originating 
from  the  particle.) 

Integration  of  Maxwell’s  tensor  (12)  for  the  total  field 
over  the  surface  of  a  sphere  in  the  limit  of  vanishing  radius, 
R-*  0,  delivers  the  total  electromagnetic  force  acting  on  the 
particle 

Amrs  =  j  —  Y  eMRS  d20  +  (1/4tc)  (1)  ^MRs(^MRS>  d20) 

(  Jr-o  Jr-o 

+  (1/47t)  (j)  Huks(Huks,  d2ol“RET".  (14) 

Jr-  o  ) 

When  evaluating  this  result  most  of  the  contributions 
appearing  in  the  integrals  on  the  right  side  of  (14)  are  found 
to  vanish  except  those  arising  from  the  dyadic  products 

^mrs  ®  afld  ^mrs  ®  «L 

The  first  of  these  two  contributions,  resulting  from  £mrs 
®  £mrs L,  is  nothing  but  the  Lorentz  force 

=  mcrlo  Ems  ,  (15) 

which  is  easily  transformed  from  the  MRS  into  an  arbitrary 
inertial  system  of  reference  (IS) 

=  mTlo  Fjk u*  (16) 

The  second  contribution  resulting  from  E @  £mrs S  is 
identified  as  the  radiation  “reaction”  force 

=  (1/4 n)  <£  £^(£^\  d2«W  •  (17) 

Jr-o 

Evaluation  delivers  (EmrsS  d 2o)  =  e  sin  9  d.9  d<p,  where 
the  “latitudinal”  angle  9  is  measured  against  and  the  “longi¬ 
tudinal”  angle  q>  is  measured  around  the  vector  of  the  total 
force  Amrs  . 


Contributions  to  Emrs  are  taken  into  account  which  orig¬ 
inate  from  the  charged  particle  during  a  time  interval  (t, 
t  +  At),  while  the  particle  rests  in  configuration  space 
(MRS)  and  moves  from  0  to  (drMRS(t)/dt)  At  in  velocity 
space.  In  what  follows,  the  corresponding  contribution  (17) 
to  momentum  flux  onto  this  particle  during  the  same  time 
interval  t,  t  +  At  is  calculated. 

To  begin  with,  the  momentum  flux  through  a  spherical 
surface  of  sufficiently  (small)  Radius  R  >  0  around  that  par¬ 
ticle  during  a  time  interval  (t',  t'  -I-  At)  with  t'  =  t  +  St  ^  t, 
may  be  written 

R)  At  =  (l/4tt)  (j)  £^(^rsL,  d 2t>W  At.  (18) 

Jr>o 

For  St  =  R/c 

^mrs(£  +  7?/c,  R)  =  (c/R)x0  AMRS(t),  (19) 

while  for  St  =  0  causality  requires 

*K£(t,  R)  =  o  (20) 

for  R  >  0.  With  the  Taylor  expansion 
0  =  K™{t,  R) 

=  Ot  +  St,  R)  —  St  •  d  K™(t  +  St,  R)/dt  +  ■■■  (21) 

and  with  (19)  one  arrives  at 

^MRs(f  +  R/c>  R)  =  To  dAMRS(t)/dt  (22) 

which  is  found  to  be  independent  of  R  so  that 

^mrs(0  =  To  dA’MRS(t)/dt.  (23) 

This  expression  has  to  be  Lorentz  transformed  from  the 
MRS  into  an  arbitrary  IS.  For  this  purpose  it  is  useful  to 
remember  that  the  norm  of  the  (four-)  vector  of  velocity 
u  is  constant  and  equal  to  the  velocity  of  light  ||u|| 2  =  (u0)2 
-  (h)2  =  c2,  so  that  u°  =  (c2  +  k2)1/2  =  cy,  where  y  is  the 
Lorentz  factor  of  the  particle  under  consideration.  Thus  the 
(relativistic  three-)  vector  of  velocity  u  is  constituting  a  (3- 
dimensional  Riemannian)  velocity  space  R3(m)  which  is 
associated  with  the  (4-dimensional  pseudo-Euklidean) 
Minkowski  space  R4(x).  With  the  help  of  du°  =  («,  d u)/cy, 


the  metric  of  R3{u)  may  be  written 

(d>i)2  =  yMV  du'1  duv  =  —  ||du||2,  (24) 

with  the  metric  tensor 

y,™  =  (25) 

where  =  ujcy.  The  inverse  metric  tensor  is 

/V  =  +  ylpvp  .  (26) 

Christoffel  symbols 

y£v  -  (y /cWy^  (27) 

are  used  to  evaluate  the  covariant  derivative,  in  this  case,  of 
the  (relativistic  three-)  vector  of  force  in  R3(u) 

DJT/dx  =  dK/dx  +  «||K||  2/mc2  (28) 

which  may  be  completed  by  the  appropriate  zero- 
component  to  obtain  the  causal  derivative  [11] 

DK/dx  =  dK/dx  +  u||K||2/mc2.  (29) 
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From  (28)  and  (23)  one  is  led  to  the  following  expression  for 
the  radiation  reaction  force 

KRAD  =  r0  DK/dt.  (30) 

With  the  projection  operator  P  =  I  —  u  (g>  u/c2,  which 
provides  for  the  projection  on  the  hyperplane  that  is  orthog¬ 
onal  to  u,  the  radiation  reaction  force  is 

Krad  =  t0P  dK/dt.  (31) 

For  self-consistency  postulate,  when  the  total  force  K  is 
due  to  electromagnetic  interaction  and  restricting  further  to 
the  lowest  order  contributions  of  the  interaction  constant  e, 
one  is  led  to 

K8AD  =  mx0  G)f-1  uk  (32) 

which  reproduces  the  L-D-L  equation. 

While  traditionally  in  Maxwell  theory,  the  acceleration 
d»MR&/dt  occurring  in  Lienard-Wiecert’s  potential,  is  inter¬ 
preted  as  the  kinematic  acceleration  without  specifying  the 
force  by  which  acceleration  is  effected6  we  find  that  the 
reproduction  of  the  L-D-L  equation  requires  that  acceler¬ 
ation  is  produced  by  an  external  electromagnetic  field  [13]. 

2.3.  Particle  acceleration  by  radiation  pressure 
In  his  Presidential  Address  to  the  Physical  Society  on 
February  10,  1905  J.  H.  Poynting  described  certain  didactic 
difficulties  when  he  discussed  the  introduction  of  radiation 
pressure  in  a  theory  based  on  the  concept  of  wave  propaga¬ 
tion:  “A  hundred  years  ago,  when  the  corpuscular  theory 
held  almost  universal  sway,  it  would  have  been  much  more 
easy  to  account  for  and  explain  the  pressure  of  light  than 
today,  when  we  all  are  certain  that  light  is  a  form  of  wave 
motion”  [16].  In  our  days,  while  we  are  familiar  with  the 
duality  of  the  quantum  and  wave  pictures  for  the  electro¬ 
magnetic  field  didactic  difficulties  still  seem  to  arise  when  it 
comes  to  the  suggestion  that  (at  least  part  of)  radiation 
“reaction”  force  is  nothing  but  radiation  pressure  acting  on 
the  individual  electron,  for  example.7 

The  mechanism  of  momentum  transfer  from  wave  fields 
through  many-photon  Thomson  scattering  has  been  dis¬ 
cussed  earlier  by  L.  D.  Landau  and  E.  M.  Lifschitz  [10]  and 
in  subsequent  work  [17-19],  It  has  already  been  noted  in 
some  of  this  preceding  work  that,  within  the  MRS,  the 
resulting  rate  of  (three-)  momentum  transfer  from 

the  external  wave  field  to  the  electron  is  in  agreement  with 
the  third  term  appearing  on  the  right  side  of  the  L-D-L  eq. 
(6),  so  that  the  latter  may  be  written 

d^MRs/dt  =  cri o  +  czo  7o  dE^Rs/dt  "b  °T‘^mrs/wic>  (33) 

where 

a1  =  8ne4/3m2c4  (34) 

is  the  total  cross-section  for  Thomson  scattering  and 
■Smrs  =  (c/47i)[£mrs  ,  //mrI]  (35) 

is  the  Poynting  vector  of  the  external  (given)  field. 

6  For  example  in  [12],  Chapter  14. 

7  K.  O.  Thielheim,  “Radiation  Reaction  as  Many  Photon  Thomson  Scat¬ 

tering”,  paper  submitted  to  Astrophys.  J. 


If  the  external  field  is  a  wave  field,  radiation  reaction 
force,  in  so  far,  is  the  knock-on  force  produced  by  the 
incoming  photons.  The  situation  of  the  particle  can  thus  be 
seen  in  analogy  to  that  of  a  massive  dust  particle  subject  to 
friction  in  a  stream  of  gas  molecules  [13-15].8 

This  mechanism  may  be  chosen  as  a  starting  point  to 
deduce,  by  Lorentz  transformation,  (at  least  part  of)  radi¬ 
ation  reaction  force  assuming  (as  a  classical  model)  that  the 
latter  is  created  by  radiation  pressure  [14], 

This  interpretation  is  also  possible  (in  the  quantum  wave 
picture)  for  the  more  general  case  of  an  arbitrary  external 
field. 

Maxwell's  equations  are  known  to  fit  the  structure  of 
quantum  wave  mechanics  in  having  a  form  which  is  iso¬ 
morphic  to  de  Broglie  and  Schrodinger's  wave  formalism.  As 
I  will  illustrate  here  (at  least  for  the  fourth  order  term),  this 
isomorphism  allows  the  deduction  of  the  radiation  reaction 
force.  For  this  purpose  it  is  useful  to  consider  self-consistent 
Maxwell  theory  [13-15],  in  which  what  conventionally  is 
referred  to  as  the  “creation”  of  electromagnetic  radiation 
through  particle  acceleration  can  be  seen,  alternatively,  as 
Thomson  scattering  of  photons  while  radiation  reaction, 
essentially,  is  understood  as  the  knock-on  force  produced  in 
that  scattering. 

Schrodinger’s  wave  equation  for  the  photon  is 

ihdt  ip  =  Hm  tp  -  4mhx,  (36) 

with  (V,  i p)  —  4np  for  the  three-component,  complex  photon 
wave  function  ip  =  C (E  +  iff),  x  =  C(/'e  +  i/m)  represents  the 
electric  and  magnetic  charge  currents  and  p  =  pe  +  i pm 
incorporates  the  electric  and  magnetic  charge  densities, 
respectively,  through  which  the  photon  is  scattered.  C  — 

1/J  {E2  +  H2}1/2d3x  is  a  normalisation  constant,8  provid¬ 
ing  for 

j*  ip+ip  d3x  =  1  (37) 

V  is  in  the  normalisation  volume.  \p*  =  C*(ET  —  i ffT)  is 
the  adjoint  wave  function.  T  stands  for  transposition.  The 
Hamiltonian  of  the  photon  HM  =  —  i(e,  cp)  is  defined  with 
the  help  of  the  Levi  Civita  symbols  e  =  ((£*)„„)  =  (e^v).  As 
usual,  p  =  —ihV  is  the  momentum  operator.  Obviously, 
c 2p2  ~  Hm  and  consequently,  c 2<p2>  =  <H^>.  Multiplying 
Schrodinger’s  equation  (36)  with  i p  +  and  the  adjoint  equa¬ 
tion  with  t/f  after  subtraction  delivers  the  continuity  equa¬ 
tion 

w„  +  d,  w  =  0,  (38) 

where  x  -  0  and  w  =  (\p*,  ip)  =  |  C  |2{£2  +  H2}  is  the  posi¬ 
tion  probability  density  and  w  =  (w^J  =  —i[ip*, 
i A]  =  2|C|2[£',  H]  is  the  position  probability  current  of  the 
photon  field. 

Without  loss  of  generality,  photon  scattering  may  be 
described  in  the  MRS  of  the  scattering  particle,  so  that 
jc  =  j m  _  05  since  it  is  always  possible  by  Lorentz  transform- 


In  a  more  elaborate  deduction,  to  avoid  infinities,  it  is  necessary  also  to 
use  a  Schrodinger  wave  function  <p  for  the  scattering  particle,  so  that 
X  =  C e<f>*v<j>  and  q  =  Ce(j>*4>,  where  e  is  the  electric  charge  and  v  is  the 
velocity  operator  of  the  scattering  particle. 
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ation  to  pass  to  an  arbitrary  inertial  frame  of  reference  IS. 
Also,  pe  =  eS3(x  —  *')  and  pm  —  0. 

It  is  not  necessary  to  solve  here,  explicitly,  Sckrodinger’ s 
equation  for  the  case  of  photon  scattering.  Instead,  it  is  pos¬ 
sible  to  make  use  of  the  above-mentioned  isomorphism  with 
Lienard  and  Wiechert' s  problem  for  the  radiating  electron, 
so  that  i^MRs  =  £mrs  +  ^mrs  +  ^mrsL  +  +  ^mrs}- 

The  quantities  w  and  w„,  defined  above,  are  functions  of 
the  position  vector  x  of  the  scattering  particle  as  well  as  of 
the  position  vector  x'  (and  time  coordinate  t’)  for  which  one 
may  wish  to  consider  the  wave  field.  In  the  case  of  station¬ 
ary  fields,  because  of  (38)  with  q  =  0, 

0  =  -  I  8t.  dV  =  )  M^d3*'  =  CD  ^d2o; 

Jv'  JV'  Jo(V') 

and,  consequently,  since  “mixed”  terms  in  w „  do  not  occur, 

def  r 

|  h,ext  |  ffT  =  _  J  d„<XTdV 

=  —  (j)  H-fTd2o;  =  cp  w*ADd2o;  (39) 

Jo(V')  Jo(V') 

This  expression  may  serve  to  reproduce  the  Thomson's 
cross-section  eq.  (34)  and  to  relate  classical  with  quantum 
mechanical  conjectures  for  the  statistics  of  scattering. 

Due  to  the  symmetry  properties  of  h,rad,  each  of  the 
incoming  photons  which  experiences  scattering  transfers  its 
total  momentum  <  | p  |  >  ^  |  <j>2}  |1/2  -  (1/c)<Hm)1/2  = 
(l/c)<|//M|>  to  the  particle,  so  that  the  rate  of  increase  of 
particle  momentum,  i.e.  the  “knock-on”  force,  is 

^rs  =  H’EXTcrT(l/c)<  |Hm|>  =  (<xt/c)« ,  (40) 

where  A^mrs  =  l/8jrCEXT<  | |HM|  >EXT  is  the  number  of 
photons  in  the  normalization  volume  calculated  from  the 
ratio  of  the  classical  field  energy  in  the  normalization 
volume  to  the  quantum  mechanical  expectation  value  of 
photon  energy,  reproducing  thereby  in  eq.  (33)  the  fourth 
order  contribution  to  “radiation  reaction”  force. 

I  shall  illustrate  these  findings  by  two  examples.  The  first 
example  concerns  the  asymptotic  energy  development  of 
charged  particles  within  strong  wave  fields  (of  lasers  for 
example). 

The  charged  particle  moves  essentially  in  direction  of  the 
Poynting  vector  SMRS.  The  latter  may  be  Lorentz  trans¬ 
formed  from  the  MRS  to  the  IS.  Then  SMRS  ->  S  =  4y2SMRS 
with  SMRS  =  const.  Similarly,  the  longitudinal  component  of 
the  (three-)  vector  of  acceleration  transforms 
(diydt)MRS -►  (dr/dt)  =  (l/y3Xdi>/dt)MRS.  Now  the  differential 
equation  (dr/dt)  =  (oT/4mc)(l/y5)S  is  easily  integrated, 
leading  to  the  mean  asymptotic  Lorentz  factor 

yAS  =  =(3t0>/o/c)1/3£2/3x1/3  (41) 

in  agreement  with  earlier  results  [13]. 

The  second  example  concerns  a  mechanism  which  may  be 
at  work  in  the  polar  region  of  rotating,  magnetised  neutron 
stars,  where  it  can  produce  an  upper  limit  for  the  observed 
intensity  of  curvature  radiation. 

I  shall  consider  here  the  simple  configuration  of  homoge¬ 
neous  and  static  crossed  magnetic  and  electric  fields,  where 
the  magnitude  of  the  former  is  extremely  large  (typically 


1012  G),  while  the  latter  still  is  very  large  though  consider¬ 
ably  smaller  than  the  former.  Under  such  circumstances  an 
electrically  charged  particle  is  moving  practically  along  a 
magnetic  field  line,  accelerated  by  the  component  of  the 
electric  vector  ZfEXT  parallel  (or  antiparallel)  to  the  magnetic 
vector  HEXT. 

When  Lorentz  transforming  the  external  fields  into  the 
MRS,  the  parallel  component  of  the  electric  vector,  £EXT 
does  not  change.  But  the  transverse  component  of  the  elec¬ 
tric  vector  does  change,  £EXT  -*  £mrs±  =  f^XT-  Also  a 
transverse  component  of  the  magnetic  vector,  //mR|±  = 
— (y/c)[»,  £EXT],  is  produced. 

Inserting  these  fields  into  (33)  produces  an  upper  limit  of 
particle  energy 

/*72<(1  MET  KEY1)2.  (42) 


3.  Plasma  configurations  associated  with  rotating  magnets 

3.1.  Preliminary  results  of  numerical  iterations  on  the 
formation  of  charge  clouds  under  the  influence  of  the  force-free 
surface 

Studies  performed  on  “stage  one”  with  respect  to  the  devel¬ 
opment  of  particle  orbits  and  energy  for  individual  electrons 
and  protons  within  the  vacuum  fields  of  rotating  magnets 
have  revealed  different  features  existing  in  different  regimes 
of  the  radial  coordinate.2  Preliminary  results  obtained  on 
“stage  two”  which  take  into  account  effects  of  collective  par¬ 
ticle  motion  indicate  that  this  is  also  the  case  for  plasma 
fields,  where  different  methods  are  required  for  different 
ranges  of  the  radial  coordinate.  In  the  second  part  of  this 
lecture,  I  shall  describe  two  such  features  of  plasma  configu¬ 
ration  which  have  been  predicted  theoretically  and  even¬ 
tually  reproduced  in  computer  experiments. 

Rotating,  homogeneously  magnetized  spheres  are  known 
to  own  a  non-trivial  force-free  surface  FFS  [20]  (at  least  as 
long  as  the  axis  of  rotation  is  not  parallel  or  anti-parallel  to 
the  magnetic  axis)  generated  by  points  at  which  the  electric 
vector  is  orthogonal  to  the  magnetic  vector.  For  the  stan¬ 
dard  set  of  parameters,  the  FFS  extends  to  a  distance  of 
about  10  km  from  the  surface  of  the  sphere. 

Particle  motion  in  the  regime  of  the  FFS,  i.e.  in  the  imme¬ 
diate  neighbourhood  of  the  rotating  magnet,  essentially 
follows  magnetic  field  lines  since  there  the  magnitude  of  the 
electric  vector  is  much  smaller  than  the  magnitude  of  the 
magnetic  vector.  In  two  opposite  quadrants,  the  projections 
of  the  electric  vector  on  the  respective  magnetic  vectors  are 
directed  towards  the  FFS  on  both  sides  of  the  FFS.  These 
segments  of  the  FFS  can  act  as  particle  traps  towards  posi¬ 
tively  charged  particles.9  Analogous  statements  hold  for 
particles  of  negative  sign  in  the  two  alternative  quadrants 
[21].  Consequently,  two  positive  and  two  negative  co¬ 
rotating  charge  clouds  are  expected  to  form  in  the  regime  of 
the  FFS. 


9  In  the  case  of  the  parallel  or  anti-parallel  rotator,  the  FFS  degenerates  to 
the  equatorial  plane.  Rotational  symmetry  then  provides  for  the  conser¬ 
vation  of  generalized  angular  momentum  thus  generating  Stormer 
regions  (radiation  belts).  For  the  homogeneously  magnetized  sphere, 
these  trapping  regions  are  modified  through  the  presence  of  an  electric 
quadrupole  moment,  as  compared  with  the  point  dipole  [23]. 
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H.  Wolfsteller  and  K.  O.  Thielheim  have  verified  these 
predictions  in  computer  experiments  [22],  So  far,  the  latter 
work  was  intended  to  clarify  conditions  for  the  existence 
and  structural  features  of  quasi-stable  configurations  and 
not  their  dynamical  evolution.  For  that  reason,  it  was  not 
necessary  in  this  context  to  perform  N-body  simulations 
and  numerical  integrations  of  the  L-D-L  equation.  Instead, 
sequences  of  quasi-static,  co-rotating  plasma  configurations 
were  generated  by  an  iterative  method. 

In  each  iteration  step,  a  certain  amount  of  charge  was 
allowed  to  separate  from  each  segment  of  the  surface  and  to 
move  along  the  adjacent  magnetic  field  line  (neglecting  drift 
effects)  and  to  settle  down,  where  the  electrostatic  forces 
tangent  to  the  magnetic  field  line  vanish.  The  total  electric 
charge  dismissed  locally  from  the  surface  in  each  iteration 
step  was  chosen  to  be  proportional  to  the  magnitude  of  the 
component  of  the  electric  vector  tangent  to  the  magnetic 
field  line  (given  the  appropriate  sign  of  that  component). 

Modifications  of  the  electric  field  (with  respect  to  vacuum 
fields)  due  to  space  charges  were  taken  into  account  in  each 
iteration  step.  Modifications  of  the  magnetic  field  were 
found  to  be  irrelevant. 

A  minimum  value  for  the  tangent  electric  component  was 
adopted  as  a  current  limiting  condition  to  define  the  end  of 
the  iteration  process. 

Figure  1  illustrates  intermediate  charge  configurations 
found  after  10  iteration  steps  (left)  of  an  inclined  rotator 
(X  =  n/ 3)  and  quasi-stable  charge  configurations  established 
after  50  iteration  steps  (right).  Positive  charges  (top)  are 
shown  as  well  as  negative  charges  (bottom). 


3.2.  Decoupling  of  particles  from  spherical  wave  fields 
The  question  arises  whether  charged  particles  moving 
outward  with  the  electromagnetic  field  energy  cooperate 
with  the  electromagnetic  fields  in  the  sense  of  (possibly  non¬ 
linear)  plasma  waves.  Results  obtained  on  “stage  one” 
suggest  that  for  the  standard  set  of  parameters  particles 
injected  into  the  fields  decouple  very  efficiently. 

Particles  injected  within  the  regime  of  the  near-field  con¬ 
tributions  can  achieve  energies  considerably  higher  than  the 
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Fig.  2. 


Gunn-Ostriker  energy10  yGOmc2  s  (9/2),/3(rT/rL)4/3mc2  [24, 
25]. 

Particles  injected  within  the  comparatively  narrow  inter¬ 
val  between  the  transition  zone  (separating  the  near  zone 
from  the  wave  zone)  and  the  acceleration  boundary11  rB  = 

( 2n)1,3rL(rJ/rl)4/ 3  gain  the  Gunn-Ostriker  energy,  indepen¬ 
dent  of  their  initial  position  (at  least  in  the  phase  average). 
This  is  demonstrated  by  Fig.  2  showing  the  energy  develop¬ 
ment  of  individual  particles  starting  from  various  positions 
in  the  equatorial  plane  of  rotation  within  the  wave  zone. 

There  is  an  acceleration  boundary  (AB)  for  electrons  and 
one  for  protons,  indicating  a  different  dynamical  behaviour 
of  the  two  kinds  of  particles.  Here,  the  AB  for  protons  is  of 
special  interest.  At  the  axis  of  rotation,  i.e.  for  circular  polar¬ 
ization  and  for  the  standard  set  of  parameters  the  AB  occurs 
at  rB  ^  2/3  AU  corresponding  to  about  the  orbital  radius  of 
the  planet  Venus.12 

Particles  injected  outside  the  acceleration  boundary  are 
accelerated  to  their  local  drift  energy13  yxmc2  s 
(l/4Xri7ro)2(rT/ri.)4wc2-  The  latter  is  proportional  to  the 
inverse  square  of  the  initial  radial  coordinate  r0  so  that  with 
a  constant  source  function  (outer  injection  of  neutral  par¬ 
ticles  with  subsequent  ionization)  a  differential  energy  spec¬ 
trum  can  be  generated,  which  is  proportional  to 
(y^/nc2)-2-5  [1].  This  is  illustrated  by  Fig.  3  representing 
asymptotic  particle  energy  as  a  function  of  initial  position 
within  the  wave  zone. 
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10  For  the  standard  set  of  parameters,  y00  =  1.3  x  104,  for  millisecond 
pulsars  with  the  same  magnetic  dipole  moment  yGO  3  5.8  x  106. 
Erratum:  In  [2],  the  Gunn-Ostriker  energy  lacks  the  exponent  4/3  in 
formula  {89}  and  in  Fig.  18.  (A  reproduction  of  the  deduction  of  the 
Gunn-Ostriker  energy  using  the  nomenclature  of  [2]  is  offered  in  [26]). 
In  [2],  the  expression  following  {10}  should  read  u  =  rLdu/c2  dr. 

11  Figure  18  and  {69}  of  [2]  is  for  linear  polarization.  For  arbitrary  lati¬ 
tudinal  angle  ©  {78}  of  [2]  becomes:  u1  =  (l/4Xrj/rLr0)2(l  +  cos2  ©)” 1 
{(1  +  cos2  0)2  +  4  cos2  0}.  The  acceleration  boundary  (defined  with 
respect  to  one  period  in  [2])  in  generalization  of  {79}  reads  rB  = 
(jr/2)1,3rL(rT/rL)4/3(l  +  cos2  ©) ~ 1/3 {( 1  +  cos2  ©)2  +  4  cos2  0}1/3. 

12  rB  =  1/3  AU  corresponding  to  about  the  orbital  radius  of  the  planet 
Mercury  in  the  case  of  linear  polarization. 

13  This  fact  has  already  been  remarked  by  J.  E.  Gunn  and  J.  P.  Ostriker 
[24,  25],  The  acceleration  boundary  rB  corresponds  to  the  limit  given  by 
these  authors  for  the  applicability  of  the  constant-phase  approximation. 
Also,  the  typical  radius  rT  is  related  to  Stormer’s  unit  of  length:  a  = 
r^fly}- 1  [C.  Stormer,  Z.  Astrophys.,  1,  237  (1930)]. 
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3.3.  Theoretical  predictions  on  the  existence  of  a  plasma 
border 

Rotating  magnets  embedded  in  an  ambient,  fully  ionized 
plasma  are  predicted  to  clean  a  certain  region  of  surround¬ 
ing  space  from  all  electrically  charged  particles,  if  the 
angular  velocity  of  rotation  co  is  sufficiently  high  and  if  the 
magnetic  dipole  moment  p  is  sufficiently  strong  and  if  these 
two  vectors  are  not  parallel  (or  anti-parallel)  and  if  the 
ambient  plasma  density  is  sufficiently  low  [1-3]. 

Correspondingly,  two  classes  of  configurations  are 
expected  to  exist,  one  in  which  all  the  above  mentioned  con¬ 
ditions  are  fulfilled  so  that  an  evacuated  region  of  acceler¬ 
ation  can  be  formed  and  another  class,  in  which  this  is  not 
the  case.  The  question  arises  whether  both  classes  of  con¬ 
figurations  occur  with  rotating  magnetized  neutron  stars 
and  how  they  distinguish  for  an  observer. 

The  formation  of  an  evacuated  region  would  create  a 
boundary  layer,  at  a  certain  distance  rP  from  the  centre  of 
the  rotating  magnet  [1-3].  This  plasma  border  (PB)  would 
separate  evacuated  inner  regions  from  plasma-filled  outer 
regions  at  the  utmost  extension  of  the  cosmic  accelerator  in 
space.  The  PB  is  also  expected  to  be  a  source  of  synchrotron 
radiation.  This  scenario  is  shown  schematically  in  Fig.  4. 

In  the  case  of  comparatively  low  ambient  plasma  density, 
the  formation  of  a  plasma  border  may  be  understood  as  a 
consequence  of  the  scattering  of  individual  electric  mono¬ 
poles  by  a  massive,  rotating  magnetic  dipole  [1], 


THE  TWO  INJECTION  MECHANISMS 


PM  :  PULSAR  MAGNETOSPHERE 
PB  PLASMA  BORDER 
ISP  :  INTERSTELLAR  PLASMA 
PW  ■  PULSAR  WIND 


Fig.  4. 


For  a  given  distribution  of  particle  energy,  (taken  for 
practical  reasons  at  the  point  of  reflection)  the  plasma 
border  is  generated  as  the  inner  envelope  of  all  possible  par¬ 
ticle  orbits. 

The  radial  distance  rP  of  the  PB  from  the  rotating  magnet 
is  calculated  by  means  of  the  osculation  theorem  [2],  The 
latter  suggests  that  reflection  takes  place  where  the 
(physical)  orbit  in  the  given  spherical  wave  field  is  osculated 
by  a  (hypothetical)  closed  orbit  in  the  corresponding  plane 
wave  field. 

The  application  of  the  osculation  theorem  may  be  illus¬ 
trated  for  regions  near  to  the  axis  of  rotation.  There,  the 
corresponding  plane  wave  field  is  circularly  polarized.  Con¬ 
sequently,  closed  orbits  are  of  circular  shape.  The  velocity 
vector  v  =  pc  =  p0  fie  of  the  particle,  in  this  case,  is  orthog¬ 
onal  to  the  electric  vector  E  =  E0E  =  E0  pfil  r0  of  the 
circularly  polarized  wave  and  parallel  (or  anti-parallel)  to 
the  magnetic  vector  H.  The  equation  of  motion  d(mvy)/ 
d t  =  ±e  E,  therefore,  reduces  to  dpo/dt  -  [a>,  /?0]  = 
±£0(1/M't/'l)2(cAo)  so  that14 

rpAC  =  (fiy)-1  ■  rL(rT/rL)2  .  (43) 

There  is  a  PB  for  electrons  and  one  for  protons,  indicat¬ 
ing  that  effects  of  charge  separation  may  occur  also  in  that 
region.  For  the  following  considerations,  the  PB  for  protons 
is  of  interest.  For  Py  =  1,  the  latter  amounts  to  rP  =  45  AU 
(that  is  about  the  orbital  radius  of  the  planet  Pluto),  at  the 
axis  of  rotation  i.e.  for  circular  polarization.15 

At  comparatively  high  ambient  plasma  density,  particles 
react  collectively  rather  than  individually  towards  the  elec¬ 
tromagnetic  wave  fields  of  the  rotating  magnet.  Radiation 
pressure  is  exerted  on  the  total  inner  surface  of  the  PB  and 
not  just  on  the  Thomson  cross-sections  of  individual  plasma 
particles.  Then,  the  plasma  border  originates  from  a  com¬ 
pensation  of  the  kinetic  pressure  of  plasma  particles  on  one 
side  and  of  the  kinetic  pressure  of  photons  on  the  other  side. 
While  plasma  particles  by  reflection  deliver  twice  their 
momentum,  photons  through  their  scattering  are  expected 
to  deliver  at  least  their  total  momentum.  This  estimate  sug¬ 
gests  that  the  PB  acts  as  a  “black  wall”  towards  the  out¬ 
going  spherical  wave  field.  Thus,  it  delivers  a  lower  limit  for 
the  location  of  the  PB  in  the  case  of  comparatively  high 
ambient  plasma  density.  (Alternatively,  photons  through 
their  reflection  may  be  expected  to  deliver  at  most  twice 
their  total  momentum.  Then  the  PB  acts  as  a  “mirror” 
towards  the  outgoing  spherical  wave  field.) 

The  flux  of  field  momentum  from  the  rotating  magnet 
is  calculated  with  the  help  of  Maxwell’s  tensor  for  the 
spherical  wave  field  <r„v  =  eEXT^v  -  (l/47r){EEXT£EXT 
+  HEXT  HEXT}  which,  in  the  wave  zone,  reduces  to  cr(iV  = 
eEXT<5pv  =  (1/8te)  {(ZsEXT)2  +  (//EXT)2}  <5„v  =  (£EXT)2<V4*  = 
(1/47 z^p/rfr)2. 


14  In  the  general  case,  for  arbitrary  longitudinal  angle  0,  {70}  of  [2]  gener¬ 
alizes  to  v0  -  {1  +  (l/2Xr|/rLr0Xl  +  cos2  ©)}1/2  and  the  location  of  the 
vacuum  plasma  border  {71}  of  [2]  generalizes  to  rP  AC  =  • 

rL(rT/rL)2(l  +  cos2  ©)1,z.  In  the  equatorial  plane  of  rotation,  0  =  n/2, 
i.e.  for  linear  polarization,  rpAC  =  2"1,2(/?y)~1  •  rjrp/rj2,  in  agreement 
with  {71}  of  [2], 

is  rvAC  ^  30  AU  that  is  about  the  orbital  radius  of  the  planet  Neptune  in 
the  equatorial  plane  of  rotation,  i.e.  for  linear  polarization. 
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The  kinetic  pressure  of  electrons  and  protons16  is 
4  mc2Ny. 

Equalizing  the  two  pressures  delivers  the  following 
(rough)  estimate  for  the  PB  in  the  case  of  a  relativistic 
ambient  plasma  of  comparatively  high  density 

r£L  ^  (16nre  yN)~  1/1(rT/rl}2.  (44) 

A  typical  plasma  density17 

NT  =  (l/l6n)y(l/rtrl)  (45) 

separates  the  regime  of  comparatively  low  ambient  plasma 
density  N  4  JVT  from  the  regime  of  comparatively  high 
ambient  plasma  density  N  $>  NT.  For  the  standard  set  of 
parameters  the  typical  plasma  density  is  Afx  =  5.7 
x  l(r4yPcm~3.  This  is  well  below  the  plasma  density  of 
about  1cm-3  plausible  for  the  surroundings  of  a  rotating 
magnetized  neutron  star  (with  the  standard  set  of  the 
parameters)  so  that  (44)  is  expected  to  apply  in  that  case. 
But  the  situation  would  be  different  for  a  millisecond  pulsar 
(with  the  same  magnetic  dipole  moment)  where  NT  s  5.7 
x  yp  cm  _  3  so  that  (43)  should  be  applicable. 

Within  the  regime  of  comparatively  high  ambient  plasma 
density,  practically  all  energy  of  the  outgoing  spherical  wave 
is  expected  to  be  converted  into  synchrotron  radiation 
within  the  boundary  layer  between  the  evacuated  region  of 
acceleration  and  the  ambient  plasma  so  that  for  a  rough 
estimate  (in  the  sense  of  an  upper  limit)  Lf™  ^ 
(2/3 )(c/rL)mc2(r4/rcr3)  <  (2/3 )«V/c3. 

The  PB  for  comparatively  low  density  (at  the  axis 
rotation)  and  the  upper  limit  of  the  PB  for  comparatively 
high  density  are  shown  schematically  in  Fig.  5. 

3.4.  Preliminary  results  of  computer  experiments  on  the 
formation  of  a  plasma  border 

In  order  to  verify  the  above  mentioned  predictions  concern¬ 
ing  the  formation  of  a  PB  and  to  investigate  in  greater  detail 
the  conditions  for  its  stability,  its  structure  and  the  gener¬ 
ation  of  synchrotron  radiation  relativistic  N-body 
simulations18  are  performed  by  C.  Greve,  H.  Laue  and  K. 
O.  Thielheim. 

PLASMA  BORPCR 
OT  ROTATING  MAQN€T 
CMBCPPCP 

iN  AN  AMBiBNT  PLASMA 


Fig.  5. 


16  Within  this  rough  estimate  it  is  justified  to  neglect  the  effect  of  the  direc¬ 
tional  distribution  of  plasma  particles. 

17  (45)  essentially  corresponds  to  the  definition  of  the  plasma  frequency. 
Correspondingly,  in  generalization  of  the  osculation  theorem,  plasma 
oscillations  would  characterize  collective  particle  motion  at  the  PB  in 
the  case  of  wave  reflection. 

18  To  be  published. 


In  preliminary  runs,  a  reduced  value  of  the  magnetic 
dipole  moment  of  p  =  1026Gcm3  was  adopted,20  as  com¬ 
pared  with  p  =  103OGcm3  for  the  standard  set  of  param¬ 
eters. 

The  simulation  volume  is  a  spherical  shell  with  the  rotat¬ 
ing  magnetic  dipole  at  its  centre.  The  inner  and  outer  radii 
of  the  spherical  shell  are  chosen  so  that  according  to  theo¬ 
retical  predictions  the  plasma  border  can  be  expected  to  be 
located  between  them. 

A  large  number  of  particles  is  randomly  and  continuously 
injected  into  the  simulation  volume  through  its  outer 
surface,  directed  towards  the  rotating  magnet  and  allowed 
to  interact  with  the  spherical  wave  field  of  the  rotating 
magnet  and  with  the  additional  field  created  by  the  par¬ 
ticles.  We  have  adopted  /fy  =  1.0  for  protons  and 
fiy  =  2000.0  for  electrons.20 

Preliminary  results  are  shown  in  Fig.  6.  The  four  dia¬ 
grams  depict  projections  of  spatial  particle  distributions 
from  thin  layers  orthogonal  to  one  of  the  coordinate  axis  at 
a  certain  instant  of  time.  Only  a  small  fraction  of  all  par¬ 
ticles  is  shown  to  give  an  impression  of  the  density  distribu¬ 
tion.  The  two  pictures  on  the  left  reproduce  density 
distributions  from  a  layer  orthogonal  to  the  y-axis,  which  is 
perpendicular  to  both,  the  magnetic  (horizontal)  as  well  as 
the  rotational  (vertical)  axis.  The  two  pictures  on  the  right 
reproduce  density  distributions  from  a  layer  orthogonal  to 
the  z-axis,  which  is  the  axis  of  rotation.  The  two  pictures  at 
the  top  are  for  protons  while  the  two  pictures  at  the  bottom 
are  for  electrons. 


Fig.  6. 


19  For  comparison:  the  magnetic  dipole  moment  of  the  Earth  is  =  8.1 
x  10”  Gem3. 

2U  It  is  adopted  here  that  the  mean  energies  of  electrons  and  protons  are 
equal  at  the  point  of  reflection  mcc2(yc}  £  mpc2<yp>  =  mc2y  and  that 
both  are  in  the  relativistic  regime  =  </?P>  =  1,  so  that  the  mean 
absolute  values  of  the  momenta  of  electrons  and  protons  are  also  equal 
at  the  point  of  reflection,  mec<^cye>  £  mpc</lpyp)  =  mcy.  The  vacuum 
plasma  borders  for  the  two  kinds  of  particles  then  are  also  equal, 
pvac.  c  s  pvac.  p  =  Pp  ]  shall  further  adopt  that  the  mean  number  den¬ 
sities  of  electrons  and  protons  in  the  ambient  plasma  are  equal<lVc>  = 
<NP>  =  N  providing  for  global  charge  neutrality. 
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These  preliminary  results  confirm  theoretical  predictions 
for  the  location  of  the  plasma  border  [1,3,  27]  in  the  case  of 
comparatively  low  ambient  plasma  density  as  given  by  (37). 
Also,  there  are  indications  for  the  beginning  of  a  contraction 
of  the  plasma  border  with  increasing  ambient  plasma 
density. 
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Abstract 

A  new  interaction  mechanism  is  described  between  neutrinos  and  dense 
plasmas.  With  the  unification  of  the  electromagnetic  and  weak  forces,  ana¬ 
logous  processes  should  occur  for  intense  neutrino  fluxes  as  for  photon 
fluxes.  Intense  EM  waves  excite  parametric  instabilities  in  nonlinear  media 
and  plasma  in  particular.  Therefore,  sufficiently  intense  neutrino  fluxes 
should  also  cause  similar  parametric  instabilities  in  dense  plasmas.  An 
important  example  is  the  production  of  Langmuir  plasmons  and  lower 
energy  neutrinos.  In  plasma  physics,  for  electromagnetic  waves,  the  process 
is  known  as  stimulated  Raman  scattering  and  it  greatly  increases  the  inter¬ 
action  of  the  light  with  the  plasma.  We  propose  that  the  analogous  process, 
for  neutrinos,  occurs  in  the  plasma  surrounding  the  core  of  a  supernova 
due  to  the  immense  neutrino  flux  there  and  the  fact  that  at  some  distance 
from  the  core  the  flux  is  strongly  unidirectional.  We  develop  a  theory  for 
stimulated  scattering  of  neutrinos  in  plasmas  based  on  the  index  of  refrac¬ 
tion  for  neutrinos  which  depends  on  electron  density,  conservation  of 
energy  and  momentum  for  neutrinos  plus  plasmons  and  wave  damping;  we 
estimate  approximate  growth  rates. 


1.  Introduction 

The  interaction  of  neutrinos  with  matter  is  an  important 
topic  in  high  energy  astrophysics.  The  question  about  how 
supernova  explode  is  still  an  unsolved  problem  and  depends 
critically  on  the  transport  of  neutrinos  within  the  star. 
During  the  implosion  phase  or  collapse  electron  capture 
occurs,  i.e.  a  proton  and  electron  coalesce  to  yield  a  neutron 
and  a  neutrino.  The  super-dense  core  is  optically  thick 
(larger  than  an  absorption  length)  to  the  neutrinos  and  a 
thermal  distribution  results  with  a  temperature  of  about 
20MeV.  Due  to  the  density  fall-off  as  one  leaves  the  core, 
there  is  a  surface  (known  as  the  neutrino  sphere  [1]),  which 
radiates  neutrinos  more  or  less  like  a  black  body.  The  neu¬ 
trinos  carry  away  energy  and  entropy  allowing  the  collapse 
process  to  accelerate.  It  is  widely  recognized  [1]  that  more 
than  1  %  of  the  total  neutrino  energy  flux  must  be  absorbed 
by  electrons  in  the  layers  surrounding  the  super-dense  core 
of  the  star  to  produce  sufficient  electron  pressure  to  eject  the 
outer  part  of  the  star  leaving  only  enough  mass  to  form  a 
neutron  star.  Otherwise  no  supernovae  would  occur  and 
only  black  holes  would  result.  Previous  studies  [2]  have 
concentrated  on  collisional  energy  losses  between  neutrinos 
and  fermions,  the  loss  rate,  however,  is  marginal  to  produce 
the  required  electron  heating.  In  this  paper  we  propose  an 
entirely  new  neutrino  interaction  mechanism  based  on  the 
coupling  between  the  neutrinos  and  collective  plasma  oscil¬ 
lations  in  the  dense  plasma  surrounding  the  core,  namely 
stimulated  neutrino-plasmon  scattering.  The  interactions 
between  electrons  and  neutrinos  takes  place  through  the 
electroweak  interaction  [3],  the  electrons  interacting  via 


both  electromagnetism  and  weak  interactions  and  the  neu¬ 
trinos  interacting  only  through  the  weak  interaction.  The 
stimulated  scattering  process  described  in  this  paper  has  an 
analogue  with  laser  plasma  interactions  [4],  in  this  case  the 
intense  photon  field  of  the  laser  couples  to  plasma  oscil¬ 
lations  producing  effects  such  as  stimulated  Raman  and 
Brillouin  scattering  [4]  and  the  parametric  decay  process 
[4]  where  a  photon  is  annihilated.  Processes  such  as  self- 
focusing  and  filamentation  instabilities  belong  to  the  class  of 
modulational  instabilities,  are  also  possible,  and  are 
described  in  terms  of  a  nonlinear  refractive  index  or  suscep¬ 
tibility.  In  fact  all  material  substances  interact  nonlinearly 
with  intense  radiation  and  the  interaction  with  an  intense 
neutrino  flux  should  follow  similar  ideas. 

The  many  body  interactions  between  neutrinos  and  elec¬ 
trons  in  a  plasma  is  no  exception  and  results  in  polarization 
effects  allowing  the  possibility  of  collective  interactions 
between  electron  plasma  oscillations  and  the  neutrino  fields. 
Stimulated  scattering  of  neutrinos  in  a  dense  plasma  into 
either  a  lower  energy  neutrino  of  the  same  type  or  a  differ¬ 
ent  neutrino  and  a  photon  or  plasma  oscillation  is  a  strong 
possibility  provided  the  neutrino  flux  is  intense  enough  to 
overcome  damping  of  the  wave  modes.  In  other  words  the 
growth  rate  of  this  nonlinear  instability  must  be  greater 
than  a  threshold  value  determined  by  the  damping  of  the 
resultant  modes.  In  such  stimulated  scattering  processes  the 
neutrino  energy  flux  will  decrease  while  conserving  total 
lepton  number,  the  interaction  being  determined  by  the 
following  energy  and  momentum  relationships, 

Ct»vO  =  "vl  +  "p.  *vO  =  *vl+*p,  (1) 

where  a>  and  k  are  the  frequencies  and  wavenumbers  of  the 
wave  fields  (for  the  neutrino  and  Langmuir  plasmons)  sub¬ 
scripts  vO,  vl  and  p  refer  to  the  incident  neutrino  scattered 
neutrino  and  the  plasma  wave,  respectively.  The  interaction 
we  consider  is  described  by  a  three  point  interaction  as 
opposed  to  the  more  common  four-point  interaction. 

The  nonlinear  coupling  between  the  neutrino  field  and  the 
Langmuir  plasmon  field  is  easily  obtainable  from  the  disper¬ 
sion  relation  given  by  eq.  (5)  of  Bethe  [5]  which  is 

E2  -  p2c2  -  m2c 4  -  2 EV  =  0,  (2) 

where  E  is  normalized  energy,  p  is  normalized  momentum, 
m  is  the  normalized  neutrino  rest  mass,  and  V  is  equivalent 
to  a  potential  energy  V  =  Gjlnt  (where  nc  is  the  electron 
number  density)  and  G  is  the  Fermi  constant  of  the  weak 
interaction.  The  effects  of  linear  dispersion  and  amplitude 
nonlinearity  can  be  studied  within  the  framework  of  a  non¬ 
linear  Klein-Gordon  equation  obtained  by  making  the 
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following  substitutions 

8  8 

p  -*  -lh  — ,  E-+th  — 

8x  8t 

in  eq.  (4)  forming  the  following  wave  equation  for  the  neu¬ 
trino  field 

{*vh~mV-h2i?)™‘2miir'  <3) 

where  V  is  now  determined  by  nc  (electron  number  density 
per  unit  volume)  and  is  related  to  the  refractive  index  of  the 
medium.  is  the  neutrino  amplitude  wave  function  nor¬ 
malized  so  that  the  neutrino  energy  density  is  \5x¥\2!4n, 
(|<5'F|2)  is  proportional  to  the  neutrino  density  times  their 
energy  ( hco ).  Equation  (3)  is  the  Kelin-Gordon  equation 
describing  the  neutrino  field  coupling  into  the  plasma 
medium  through  the  potential  V,  it  is  similar  to  the  wave 
equation  for  electromagnetic  waves  coupling  to  a  plasma 
medium. 

Writing  +  <5^,  where  subscript  0,  1  refers  to 

the  incident  and  scattered  field,  and  using  the  conservation 
relations,  eq.  (1). 

Equation  (3)  can  be  written  in  the  form 

(*v  h-h2h-  )5 Q* = “720*'.*^,  <4> 

where  Snc  is  the  perturbed  electron  density  (nc  =  n0  +  8nJ 
varying  as  ~ei(fcpX““p().  Equation  (5)  describes  the  nonlinear 
interaction  between  the  incident  neutrino  field,  <5*P0,  and  the 
plasma  wave,  Sne,  producing  a  scattered  signal  at  ^'Pj  and 
m2  =  m2c4  +  2V0  hco !,  with  V0  —  JlGn0  being  the  potential 
associated  with  the  mean  plasma  density,  n0. 

From  eq.  (4)  and  assuming  the  amplitudes  can  be  written 
as  a  slowly  varying  part,  due  to  the  nonlinear  interaction, 
times  a  high  frequency  phase,  the  time  derivative  of  the 
slowly  varying  part  of  the  amplitude,  <5*P  x  is  given  by 

h^=  GSn*  5^  0  (5) 


where  we  have  assumed  cov0  ~  covl  and  *  denotes  complex 
conjugate. 

We  can  also  obtain  an  analogous  equation  for  88nJ8t  in 
terms  of  dTY  0  by  using  eq.  (5)  and  conservation  of  momen¬ 
tum.  From  conservation  of  momentum  (in  the  case  of 
forward  scattering,  i.e.,  kp  =  kv0  —  kvl),  using  the  fact  that 
the  plasma  waves  with  phase  velocity  ~c  has  energy  and 
momentum  densities  n0  me  c28nl/n2  and  n0  me  cSn2/nl . 


<5^=  4nme  c2n0  — -  — 5 . 

V  0)p  n0 

Using  eqs  (5)  and  (6)  we  get 

dJH h  _  -iy^np  Gm„ 


4nme  c2h(o0 


^'Pf^'Po . 


From  eqs  (5)  and  (6)  we  obtain  the  growth  rate  of  stimu¬ 
lated  scattering  of  neutrinos  on  plasma  oscillations. 


4nm,  c2o)n 


To  determine  the  threshold  of  the  instability  we  have  to 
add  the  dissipation  term  to  eqs  (5)  and  (7). 


These  equations  then  become 

«ei+,.Wl+h^ssf*._a  » 

oo) 

8t  4nnme  n0  c  co0 

where  yv  is  the  damping  frequency  for  the  neutrino  waves 
[  =  G2(KT)5c/47i2h1c1]  and  yp  is  the  damping  rate  of  the 
plasma  oscillations. 

The  damping  of  the  Langmuir  plasmons,  yp ,  is  the  sum  of 
collisional  damping  and  Landau  damping.  For  forward 
scattering,  Landau  damping  is  unimportant  since  the  phase 
velocity  of  the  plasma  wave  is  close  to  c  which  is  necessary 
to  maintain  phase  coherence  with  the  neutrino  field.  Equa¬ 
tions  (10)  and  (11)  give  the  solubility  determinant  as 

-\JlGS90 
y  +  7v  — -h — 

r-  =0  (11) 

y  +  yp 

4nme  n0  c2h(a>0/  a>p)  P 

which  yields  the  following  growth  rate  with  damping 
included 

y  =  i{  —  (yv  +  yP)  ±  \/(7v-yp)2  +  «|(5'P0|2},  (12) 

where  a  =  n0copG2/2nmec2a>0h2.  Setting  y  =  0  gives  the 
threshold  for  stimulated  scattering  of  neutrinos  off  Lang¬ 
muir  plasmons 

|  <5^0 1 2  =  lMi  (13) 


The  true  damping  of  the  neutrino  field  is  of  course  negli¬ 
gibly  small  if  we  only  consider  electron-neutrino  scattering, 
resulting  in  an  unrealistically  low  threshold  and  high 
growth  rate.  However,  there  is  an  effective  damping  rate  due 
to  dephasing  of  the  neutrino  field  with  the  generated  plasma 
wave.  The  neutrino  field  has  a  broad  frequency  spectrum 
since  it  is  a  thermal  spectrum.  Dephasing  is  very  rapid 
except  for  forward  scattering,  where  the  scattered  wave 
moves  along  with  the  incident  wave  (both  at  essentially  the 
speed  of  light)  and  so  phase  coherence  can  be  maintained 
for  long  times.  In  the  forward  direction  there  is  still  an 
important  phase  slippage  due  to  the  angular  spread  in  the 
propagation  direction  for  the  neutrinos.  This  gives  them  a 
spread  in  velocities  along  the  radial  (forward)  direction 
which  is  cA92.  We  have  recently  completed  an  analysis  of 
the  effects  of  a  broadband  neutrino  distribution  [6]  and  find 
that  the  process  is  still  viable.  The  forward  scattering  for 
co0  co p  should  also  include  the  up-shifted  sideband  we 
have  neglected  this  but  included  it  in  a  more  rigorous  treat¬ 
ment  [6]  involving  the  neutrino  transport  equation. 

In  this  article  we  describe  a  new  nonlinear  coupling 
between  neutrinos  and  dense  plasmas  which  may  be  impor¬ 
tant  in  supernovae  explosions. 
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Abstract 

A  common  mechanism  for  the  observed  excitation  of  waves  at  sequential 
multiple  ion  cyclotron  harmonics  in  the  JET  tokamak  and  in  various  space 
plasmas  is  proposed.  It  is  suggested  that,  in  each  case,  waves  on  the  fast 
Alfven-ion  Bernstein  branch  are  excited  by  the  magnetoacoustic  cyclotron 
instability,  which  is  driven  by  an  energetic  ion  distribution  with  a  local 
maximum  at  v±  ^  0,  where  v±  is  the  velocity  component  perpendicular  to 
the  magnetic  field. 

1.  Introduction 

In  both  fusion  and  space  plasmas,  intense  superthermal  radi¬ 
ation  at  sequential  multiple  ion  cyclotron  harmonics  has 
been  detected.  There  is  strong  observational  and  theoretical 
evidence  that  the  same  emission  mechanism  operates  in 
both  cases.  This  mechanism  -  the  so-called  magnetoacoustic 
cyclotron  instability,  whose  original  theoretical  identifica¬ 
tion  pre-dates  the  observations  -  involves  the  excitation  of 
waves  on  the  quasi-perpendicular  fast  Alfven-ion  Bernstein 
branch,  due  to  cyclotron  resonance  with  an  energetic  ion 
population  which  has  anisotropic  or  inverted  structure  in 
velocity-space. 

This  paper  is  organized  as  follows.  In  Section  2  we  briefly 
review  the  nature  of  the  radiation  of  interest  which  has  been 
detected  in  fusion  experiments,  and  in  Section  3  we  do  the 
same  for  space  plasmas.  The  velocity-space  distribution  of 
energetic  ions  in  the  emitting  region  in  fusion  and  space 
plasmas  is  discussed  in  Sections  4  and  5,  respectively.  In 
Section  6,  we  outline  the  theory  of  the  common  emission 
mechanism,  and  in  Section  7  we  present  our  conclusions. 

2.  Ion  cyclotron  emission  from  fusion  plasmas 

Superthermal  ion  cyclotron  emission  (ICE)  has  been 
observed  in  JET,  using  antennae  which  are  designed  to 
transmit  fast  Alfven  waves  [1,  2].  The  ICE  intensity  is  pro¬ 
portional  to  measured  fusion  reactivity  in  a  database  which 
covers  six  decades  in  signal  intensity,  and  spectral  peak  fre¬ 
quencies  (see  Fig.  1)  match  successive  local  ion-cyclotron 
harmonics  at  the  outer  mid-plane  edge.  There  are  corre¬ 
lations  between  the  time-evolution  of  the  ICE  signal  and 
that  of  the  neutron  flux  during  the  discharge.  These  obser¬ 
vations,  obtained  initially  in  so-called  ohmic  discharges 
where  there  is  no  attempt  to  create  significant  deviation 
from  the  Maxwellian  in  the  ion  population  by  external 
means,  motivated  a  simple  leading  hypothesis:  that  ICE  is 


due  to  cyclotron  resonant  collective  excitation  of  fast  Alfven 
waves  by  the  energetic  ion  products  of  fusion  reactions. 
Later  experiments  using  tritium  [2],  which  involved 
~13MW  of  neutral  beam  injection,  leading  to  the  creation 
of  an  energetic  beam  ion  population  additional  to  the  fusion 
products,  tended  to  support  this  hypothesis.  In  particular, 
by  comparing  otherwise  similar  discharges  with  high  and 
low  reactivity,  it  was  possible  to  eliminate  beam  ions  as  a 
source  of  the  observed  ICE.  Quantitative  investigation  of 
candidate  emission  mechanisms  requires  information  on  the 
velocity-space  distribution  of  fusion  products  in  the  emitting 
region,  which  we  shall  discuss  in  Section  4. 

3.  Ion  cyclotron  emission  from  space  plasmas 

An  excellent  example  of  sequential  multiple  harmonic  super- 
thermal  ion  cyclotron  emission,  detected  by  the  GEOS  2 
spacecraft  in  the  vicinity  of  the  Earth’s  dayside  geomagnetic 
equator  at  L-values  between  4  and  8,  is  shown  in  Fig.  2 
(taken  from  Ref.  [3]).  Measurements  of  the  relative  strength 
of  the  parallel  and  right  and  left  circularly  polarized  com¬ 
ponents  of  the  magnetic  field  unambiguously  identify  the 


Fig.  1.  Example  of  ion  cyclotron  emission  spectra  from  JET  deuterium- 
tritium  (solid  line)  and  deuterium-deuterium  (dashed  line)  discharges.  Peak 
frequencies  are  harmonics  of  the  local  alpha  particle/deuteron  cyclotron 
frequency  [2]. 
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Fig.  2.  Example  of  ion  cyclotron  emission  spectra  measured  by  the  GEOS 
2  spacecraft  in  the  Earth’s  radiation  belts.  The  wave  magnetic  field  is  pre¬ 
dominantly  aligned  with  the  ambient  field,  indicating  the  presence  of  a 
quasi-perpendicular  fast  Alfven  wave  [3]. 


V«0 


Fig.  4.  The  ring-like  region  of  velocity  space  occupied  by  centrally-born 
alpha  particles  with  large  excursion  orbits  at  major  radius  R  =  4.0  m  in  the 
outer  mid-plane  edge  plasma  in  JET  [2]. 


wave  as  the  quasi-perpendicular  fast  Alfven  mode. 
Frequency-matching  of  spectral  peaks  shows  that  they  cor¬ 
respond  to  local  ion  cyclotron  harmonics  at  somewhat 
higher  L-values  than  those  at  which  the  observations  were 
made. 

4.  Energetic  ion  velocity  distributions  in  fusion  plasmas 

The  observations  described  in  Section  2  suggest  that  the 
fusion  ion  distribution  in  the  edge  plasma  of  JET  is  uniquely 
unstable.  It  was  shown  in  Ref.  [2]  that  a  certain  subgroup  of 
centrally  born  fusion  ions,  restricted  to  a  specific  narrow 
range  of  pitch-angles  and  energies,  make  large  drift  orbit 
excursions  which  carry  them  to  the  outer  mid-plane  edge 
(Fig.  3).  These  particles  are  much  more  numerous  than 
fusion  ions  born  locally,  and  consequently  dominate  the 
fusion  ion  velocity  distribution  in  the  ICE  emitting  region. 
The  predicted  velocity-space  distribution  at  the  outer  mid- 


Fig.  3.  Poloidal  projection  of  a  trapped  alpha  particle  orbit  in  the  flux 
surface  geometry  of  the  JET  tritium  experiment.  Such  orbits,  which  carry 
fusion  alpha  particles  from  the  plasma  centre  to  the  outer  edge  plasma, 
only  exist  for  pitch  angles  in  the  range  55°-65°  [2]. 


plane  edge,  shown  in  Fig.  4,  is  wedge-shaped,  and  has  a 
finite  drift  along  the  magnetic  field.  The  total  number 
density  of  fusion  ions  is  predicted  to  fall  off  rapidly  with 
major  radius. 

5.  Energetic  ion  velocity  distributions  in  space  plasmas 

Several  spacecraft  have  provided  detailed  information  on 
the  energy  spectra  and  pitch  angle  distributions  of  energetic 
particles  in  the  Earth’s  radiation  belts.  Anisotropic  ions 
have  been  observed  over  a  broad  range  of  energies  from 
below  1  keV  to  several  MeV,  the  degree  of  anisotropy 
increasing  with  both  energy  and  geocentric  distance  [4,  5], 
It  is  particularly  significant  in  the  present  context  that  radi¬ 
ation  belt  proton  distributions  are  often  observed  to  have 
broad  peaks  in  the  perpendicular  direction,  with  local 
maxima  occurring  at  energies  of  about  lOkeV  and  above  [3, 
6],  An  example  is  shown  in  Fig.  5.  Anisotropic  and  ring-like 
proton  distributions  have  also  been  detected  by  the 
AMPTE/IRM  spacecraft  downstream  of  the  Earth’s  bow 
shock  [7].  In  the  Earth’s  central  plasma  sheet,  the  ISEE-1 
spacecraft  has  revealed  a  series  of  peaks  and  valleys  in 
quiet-time  ion  energy  spectra  [8],  implying  that  the  three 
dimensional  velocity  distribution  consists  of  several  concen¬ 
tric  shells  or  rings. 


Fig.  5.  Energy  spectra  of  protons  in  the  Earth’s  radiation  belts,  obtained 
using  the  GEOS  1  spacecraft.  The  three  sets  of  data  points  correspond  to 
different  pitch  angle  ranges.  The  distribution  peaks  at  an  energy  of  7.1  keV 
and  a  pitch  angle  of  ~90°  [3]. 
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6.  Emission  mechanism 


We  propose  that  the  wave  data  described  in  Sections  2  and 
3  can  be  understood  in  terms  of  a  common  mechanism,  the 
so-called  magnetoacoustic  cyclotron  instability  [9-11].  This 
involves  the  excitation  of  waves  on  the  quasi-perpendicular 
fast  Alfven-ion  Bernstein  branches,  at  frequencies  lying  close 
to  harmonics  of  the  cyclotron  frequency  of  an  energetic  ion 
species.  Instability  can  only  occur  if  there  is  a  local 
maximum  in  the  ion  velocity  distribution  at  vL  #  0,  where 
rx  is  the  velocity  component  perpendicular  to  the  magnetic 
field.  The  particle  distributions  discussed  in  Section  4  and  5 
have  this  particular  non-Maxwellian  feature  in  common. 

The  instability  can  be  described  in  terms  of  the  dielectric 
tensor  ztj,  which  in  general  contains  contributions  from 
electrons,  bulk  ions,  and  energetic  ions,  labelled  respectively 
by  e,  i  and  a: 

Eij  —  $ij  +  £h  +  e\j  +  £y>  (1) 

where  <50-  is  the  unit  tensor.  The  other  terms  in  eq.  (1)  are 
defined  in  terms  of  kinetic  integrals  over  the  particle  dis¬ 
tribution  functions,  fe ,  f  and/a.  We  assume  that  the  wave 
electric  field  is  approximately  polarized  in  the  plane  perpen¬ 
dicular  to  the  magnetic  field  direction,  z,  so  that  electron 
Landau  damping  can  be  neglected.  In  such  cases  we  only 
require  the  (x,  x),  (x,  y)  and  (y,  y)  components  of  e0- . 

In  the  case  of  quasi-perpendicular  propagating  waves 
with  frequencies  in  the  ion  cyclotron  range,  the  electrons  are 
effectively  cold  [10].  We  assume  that  the  bulk  ions  have  a 
bi-Maxwellian  distribution: 


f  = 


»i 

~Ti2 - 2"eXP 

*  '  ®i||  Vtl 


(2) 


and  that  the  energetic  ions  have  an  extended  ring  distribu- 


Fig.  6.  Calculated  linear  growth  rates  at  alpha  particle  cyclotron  harmo¬ 
nics  due  to  the  magnetoacoustic  cyclotron  instability  under  JET  condi¬ 
tions.  The  angle  8  defines  the  propagation  direction  of  the  wave  with 
respect  to  the  magnetic  field.  The  model  parameters  are:  u  =  1.67cA, 
nJnK  =  1.5  x  10~4,  nu  =  ,  and  Pi±  =  1.6  x  10-3  [2]. 

from  Ref.  [2],  shows  the  linear  growth  rate  due  to  the  mag¬ 
netoacoustic  cyclotron  instability  under  the  conditions  of 
the  JET  tritium  experiment.  In  the  case  of  oblique  propaga¬ 
tion  (6  =  85°),  all  cyclotron  harmonics  from  t  =  1  upwards 
are  linearly  unstable.  Corresponding  results  for  the  Earth’s 
bow  shock  are  shown  in  Fig.  7  [15].  In  this  case,  u  —  2 cA, 
njnt  =  1(T2,  vfjvf „  =  3,  and  ftx  =  0.15 

7.  Conclusions 


/.= 


2n2uv2 


exp 


+  (Pl  -  “)2~ 

vf 


(3) 


In  eqs  (2)  and  (3)  n{  and  na  denote  the  number  densities  of 
bulk  and  energetic  ions;  »n  is  the  velocity  component  paral¬ 
lel  to  the  magnetic  field;  and  t^n ,  viX,  u  and  vT  are  constant 
speeds.  The  normalization  in  eq.  (3)  is  only  strictly  correct  if 
exp  {-u2/v2)  <s  1. 

For  a  wave  propagating  in  the  (x,  z)  plane,  Maxwell’s 
equations  yield  the  relation  [12,  13] 


(4) 


where  u>  is  the  complex  wave  frequency,  k  is  the  wave  vector 
and  c  is  the  speed  of  light.  Substituting  the  appropriate 
expression  into  eq.  (4),  we  obtain  a  dispersion  relation  which 
simultaneously  describes  fast  Alfven  waves,  cyclotron  har¬ 
monic  (Bernstein)  waves,  and  (when  kz  ^  0)  cyclotron 
damping.  Instability  of  quasi-perpendicular  propagating 
waves  (kz  <  k)  is  predicted  to  occur  under  certain  condi¬ 
tions.  These  are :  that  u  is  greater  than  the  Alfven  speed  cA ; 
that  vju  is  sufficiently  small;  and,  in  the  case  of  kz  ~  0,  that 
the  energetic  ion  concentration  is  sufficiently  high. 

Using  realistic  parameter  values,  we  have  found  that  our 
model  predicts  the  excitation  of  sequential  multiple  ion 
cyclotron  harmonics,  both  in  the  edge  plasma  of  JET  [2,  10, 
11]  and  in  various  space  plasmas  [14-16],  Figure  6,  taken 


A  single  physical  mechanism,  the  magnetoacoustic  cyclotron 
instability,  appears  to  be  responsible  for  multiple  ion  cyclo¬ 
tron  harmonic  emission  (ICE)  in  JET  and  in  space  plasmas. 


Fig.  7.  Calculated  linear  growth  rates  at  proton  cyclotron  harmonics  due 
to  the  magnetoacoustic  cyclotron  instability  under  bow  shock  conditions. 
The  model  parameters  are:  u  =  2 cA,  njni  =  10-2,  vf±  —  3t>?u ,  and  /?u  = 
0.15  [15]. 
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ICE  provides  an  important  diagnostic  of  fusion  ions  in  ther¬ 
monuclear  terrestrial  plasmas,  in  which  direct  in  situ  mea¬ 
surements  of  particle  distributions  cannot  be  made.  In  the 
case  of  space  plasmas,  observations  of  ring-like  or  shell-like 
ion  distributions  in  conjunction  with  wave  emission  in  the 
ion  cyclotron  range  provide  strong  evidence  that  the  waves 
are  driven  by  the  magnetoacoustic  cyclotron  instability.  We 
conclude  from  this  that  ICE  is  not  peculiar  to  any  particular 
magnetic  field  geometry. 
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Abstract 

Gill  [JET-P(93)28(1993)]  has  noted  the  existence  of  a  population  of 
35MeV  electrons  in  JET  post  disruption  discharges.  A  preliminary  con¬ 
sideration  of  the  effect  of  such  a  population  of  relativistic  electrons  on  elec¬ 
tron  cyclotron  emission  is  described.  It  is  shown  that  a  collective 
synchrotron  instability  is  possible.  The  presence  of  the  background  plasma 
causes  the  low  harmonics  to  be  stable  but  a  large  number  of  high  harmo¬ 
nics  could  be  unstable. 


1.  Introduction 

It  is  well  known  that  one  of  the  effects  of  a  major  disruption 
in  a  tokamak  is  a  large  drop  in  the  electron  temperature 
with  the  result  that  the  plasma  becomes  highly  resistive. 
Under  these  conditions  a  large  increase  in  the  loop  voltage 
has  been  measured  and  a  population  of  runaway  electrons  is 
produced.  A  study  of  the  behaviour  of  runaway  electrons  in 
post  disruption  discharges  on  JET  has  recently  been  re¬ 
ported  by  Gill  [1],  Gill  [1]  noted  that  the  discharge  follow¬ 
ing  the  disruption  supports  a  current  ~  1 MA  which  is 
carried  substantially  by  the  runaway  electrons.  Similar 
effects  have  been  observed  on  TORE  SUPRA  where  the 
limitation  of  the  runaway  energy  was  attributed  by  Laurent 
and  Rax  [2]  to  a  stochastic  instability  in  which  the  runaway 
electrons  emitted  electromagnetic  radiation  by  interacting 
with  the  toroidal  field  ripple  in  the  manner  of  a  free  electron 
laser.  In  both  JET  and  TORE  SUPRA  the  runaway  elec¬ 
trons  reach  energies  ~  30  MeV.  In  this  note  we  consider  the 
effects  of  such  electrons  on  the  cyclotron  emission  from  such 
a  discharge. 


2.  The  dispersion  relation  for  a  relativistic  beam  in  a  hot 
plasma 

Zayed  and  Kitsenko  [3]  discussed  the  stability  of  a  gyrat¬ 
ing,  relativistic  electron  beam  in  a  cold  magnetized  plasma. 
In  this  paper  we  consider  the  effect  of  a  hot  background 
plasma  on  the  stability  of  such  a  beam.  We  use  the  same 
equilibrium  distribution  function  to  describe  the  relativistic 
electrons  as  in  Ref.  [3]. 

fob  =  ^(Pi  —  Pxo)<HPz  —  Pzo)-  (!) 

znp±o 

Zayed  and  Kitsenko  [3]  showed  that  for  the  above  dis¬ 
tribution  function  the  ordinary  and  extraordinary  waves  are 
both  unstable  at  the  fundamental  and  harmonics  of  the  elec- 
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tron  cyclotron  frequency  for  perpendicular  propagation. 
They  also  showed  that  obliquely  propagating  waves  can  be 
unstable.  However,  since  these  authors  assumed  a  cold 
background  plasma  they  did  not  include  the  important 
effects  of  cyclotron  damping  by  the  background  plasma,  or 
equivalently,  mode  coupling  to  cyclotron  harmonic  waves 
[4]  supported  by  the  background  plasma.  In  order  to 
include  these  effects  a  hot,  background  plasma  must  be 
used.  We  therefore  combine  the  dielectric  tensor  for  the  rela¬ 
tivistic,  gyrating  electrons  given  by  Zayed  and  Kitsenko  [3] 
with  the  standard  dielectric  tensor  for  a  hot  background 
plasma  in  which  the  bulk  electrons  have  a  Maxwellian  dis¬ 
tribution  given,  for  example,  by  Stix  [5].  In  this  note  we 
shall  confine  our  attention  to  the  case  of  the  ordinary  mode 
propagating  perpendicular  to  the  uniform  magnetic  field  in 
a  uniform  plasma.  For  this  case  the  dispersion  relation  is 
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where  X  =  k2Vj/nl ,  Q0  =  |  e  \ B0/m0 ,  =  |  e  \  B0/ye  m0 , 


7e  =  (1  —  V20/C2  -  V210/C2)  1/2,  Col e  = 


<»pb  =  - 


£o7emo’ 


and  vT  is  the  thermal  speed  of  the  bulk  electrons.  The  dis¬ 
persion  relation  given  by  eq.  (2)  reduces  to  that  of  Zayed 
and  Kitsenko  [3]  when  X  —  0. 

Now  consider  the  hot  plasma  case  for  which  X  is  finite.  In 
order  to  illustrate  the  key  effects  we  consider  the  following 
special  case.  We  assume  that  the  relativistic  electrons  have 
an  energy  such  that 

mQe  =  Q0 .  (3) 

In  other  words,  ye  =  m.  Thus,  the  mth  cyclotron  harmonic  of 
the  relativistic  electrons  is  degenerate  with  the  fundamental 
cyclotron  frequency  of  the  bulk  electrons.  In  addition,  we 
also  assume  the  resonance  condition 


(co2pe  +  cUpb  +  c2k2)112  =  mne ,  (4) 

i.e.  the  ordinary  electromagnetic  wave  is  in  cyclotron  reson¬ 
ance  with  the  bulk  and  the  relativistic  electrons.  We  may 
now  solve  eq.  (2)  by  a  perturbation  procedure,  keeping  only 
the  resonant  terms  in  the  infinite  summations  and  assuming 

co  =  mQe  +  d  co.  (5) 
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With  the  aid  of  eqs  (3)-(5),  the  dispersion  relation,  eq.  (2), 
reduces  to 
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The  criterion  for  instability  given  by  eq.  (6)  is 
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A  number  of  points  are  clear  from  eq.  (7).  First,  as 
expected,  the  relativistic  electrons  will  drive  the  O-mode 
unstable  if  their  number  density  is  high  enough,  if  their 
parallel  velocity  is  large  enough  (in  comparison  with  the 
velocity  of  light  in  vacuum)  and  if  their  perpendicular  veloc¬ 
ity  is  large  enough,  also  in  comparison  with  c.  However, 
unlike  the  cold  plasma  case  discussed  by  Zayed  and  Kit- 
senko,  there  is  now  a  threshold  for  instability  given  by  the 
density  and  temperature  of  the  bulk  electrons.  This  effect  is 
described  by  the  first  term  on  the  r.h.s.  of  eq.  (7).  The  second 
term  on  the  r.h.s.  of  eq.  (7).  can  be  either  stabilizing  or  desta¬ 
bilizing,  depending  on  the  sign  of  JmJ'm  which  in  turn  will 
depend  on  the  magnitude  of  the  argument  kv10/Qe  and  on 
the  harmonic  number,  m.  In  any  case,  since  the  density  of 
the  relativistic  electrons  is  usually  much  smaller  than  the 
density  of  the  bulk  electrons,  a> 2b  co2c ,  the  second  term  on 
the  r.h.s.  of  eq.  (7)  can  usually  be  neglected. 

It  will  be  noticed  that  the  case  we  have  considered 
[defined  by  eqs  (3)  and  (4)]  corresponds  to  the  situation 
where  the  stabilizing  effects  are  maximized.  However,  eq.  (3) 
describes  a  very  special  case.  For  almost  all  cases  ye  will  not 
be  an  integer,  so  that  a  given  cyclotron  harmonic  for  the 
relativistic  electrons  will  be  locally  unstable  since  the  bulk 
electrons  will  not  be  simultaneously  resonant.  This  is  equiv¬ 
alent  to  the  statement  that  regions  of  cyclotron  damping  by 
the  bulk  electrons  are  physically  separate  from  regions  of 
cyclotron  instability  of  the  relativistic  electrons.  In  a  plasma 
where  the  equilibrium  magnetic  field  varies  in  space  the 
unstable  cylotron  radiation  may  still  be  reabsorbed  by  the 
bulk  electrons  at  another  location  but  such  instabilities 
could  provide  a  mechanism  for  relaxation  of  the  relativistic 
electrons. 

There  is  another  important  point  which  is  illustrated  by 
the  resonance  condition  given  by  eq.  (4).  The  usual  labor¬ 
atory  situation  is  such  that  a>2c  >  &>2b.  For  very  energetic 
electrons  no  instability  will  be  possible  for  those  harmonics 
where  a>pc  >  m£lc  since  the  ordinary  mode  will  not  propa¬ 
gate  at  these  relativistically  down-shifted  frequencies. 

Let  us  now  apply  the  above  analysis  to  the  case  of  the 
JET  post  disruption  discharges  [1].  The  parameters  for 
these  discharges  are  somewhat  uncertain  but  Gill  [1]  gives 
the  following  set  for  the  stage  of  the  discharge  when  a 
steady  current  ~  1 MA  is  carried  by  a  population  of 
runaway  electrons  whose  energy  ~35MeV.  Assuming  the 
current  flows  in  a  cross  section  ~  1  m2,  we  obtain  for  the 
density  of  relativistic  electrons,  nob  ~  2  x  1016m-3.  The 
parameters  of  the  background  plasma  arc  B0  —  2.7  T,  n0e  ~ 

2  x  1019m“3  and  Tc  ~  25-50 eV.  For  35MeV  electrons  we 
take  yc  =  70.  In  addition,  we  assume  rx0  ~  vz0  ~  c.  For  the 
above  parameters,  cupc  ^  2.5  x  1011  rads/sec  and  =  4.7 


x  1011  rads/sec  and  clearly  <upb  copc .  The  first  propagat¬ 
ing  harmonic  of  the  relativistic  electrons  is  given  by  the  con¬ 
dition  m  =  70<upe/Oo  which  yields  m  =  38.  Thus,  the  first  37 
harmonics  are  stable.  The  harmonics  from  m  =  38  to  (say) 
m  =  65  will  be  unstable.  For  these  the  radiation  may  either 
be  reabsorbed  by  the  bulk  electrons  or  may  be  emitted  from 
the  plasma  depending  on  the  location  of  the  relativistic  elec¬ 
trons.  The  harmonics  close  to  m  =  70  will  be  subject  to 
cyclotron  absorption  by  the  bulk  electrons  (or  equivalently, 
mode  coupling)  at  the  fundamental  cyclotron  frequency  of 
these  electrons.  In  this  case  we  must  use  eq.  (7)  to  calculate 
the  threshold  for  the  JET  post  disruption  conditions.  In 
order  to  carry  out  this  calculation  we  obtain  an  approx¬ 
imate  value  of  J10(kv10/Qe)  as  follows.  For  to  >  <wpc  we 
approximate  k  ~  mQJc  so  that  kv10/Qe  ~  m  since  we  have 
assumed  rxo  ~  c.  We  use  the  asymptotic  expression,  for 
large  m  [6] 


JJm)  ~ 


nil 

481/67im1/3 


(8) 


to  obtain  approximate  values  for  J10  and  J'70 .  We  note  that 
the  second  term  on  the  r.h.s.  of  eq.  (7)  is  now  destabilizing 
but  is  small  compared  with  the  stabilizing  term  of  the  bulk 
electrons,  due  to  the  smallness  of  J70.  Substituting  the 
above  results  into  the  other  two  terms  in  eq.  (7)  we  find  that 
the  m  =  70  harmonic  is  also  unstable. 

In  view  of  eq.  (8)  all  harmonics  up  to  m  —  140  will  also  be 
unstable.  Since  the  cyclotron  damping  of  the  ordinary  mode 
at  the  second  harmonic  of  the  bulk  electrons  is  much 
weaker  than  that  at  the  fundamental,  the  ordinary  wave  will 
also  be  unstable  at  this  frequency.  All  higher  harmonics  will 
be  unstable  since  the  cyclotron  damping  of  the  bulk  elec¬ 
trons  will  be  negligible.  Unlike  the  instabilities  resulting 
from  weakly  relativistic  electrons,  the  instability  of  the  ordi¬ 
nary  mode  for  strongly  relativistic  electrons  (tens  of  MeV)  is 
shifted  to  very  high  harmonics,  characteristic  of  synchrotron 
radiation  [7,  8].  For  a  relativistic  beam  of  the  type  discussed 
in  this  note  the  synchrotron  radiation  could  be  significantly 
enhanced  by  the  collective  nature  of  the  beam  plasma  inter¬ 
actions. 

Since  the  JET  post  disruption  plasma  has  an  electron 
temperature  ~  25-50  eV  we  also  compare  the  electron-ion 
collision  frequency  with  the  growth  rate  at  the  fundamental 
of  the  bulk  electrons.  For  a  density  noc  ~  2  x  10* 9  and  the 
above  bulk  electron  temperature  we  obtain  vei  ~  2 
x  106sec_1.  Since  the  instability  is  well  above  threshold  we 
estimate  the  growth  rate  y~109sec_1  which  is  much 
greater  than  vei . 


3.  Conclusion 

We  have  considered  the  stability  of  a  relativistic,  gyrating, 
electron  beam  in  a  hot  magnetized  plasma.  We  have  dis¬ 
cussed  only  the  special  case  of  the  ordinary  mode  propagat¬ 
ing  perpendicular  to  the  magnetic  field.  For  highly 
relativistic  electrons  yc  >  1  the  cyclotron  emission  in  the 
ordinary  mode  becomes  unstable  and  is  shifted  to  very 
many  high  harmonics.  This  can  be  described  as  a  collective 
synchrotron  instability  and  could  result  in  a  much  enhanced 
synchrotron  radiation,  and  be  a  possible  mechanism  for 
slowing  down  of  such  a  beam.  In  contrast  to  the  alternative 
mechanism  described  by  Laurent  and  Rax  [2],  we  have 
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included  the  effect  of  the  background  plasma  on  the  syn¬ 
chrotron  instability.  We  reiterate  that  we  have  only  dis¬ 
cussed  the  special  case  of  the  ordinary  mode  for 
perpendicular  propagation.  It  is  evident  that  the  extraordi¬ 
nary  mode  would  also  be  expected  to  be  unstable  as  would 
waves  propagating  obliquely  [3].  Clearly,  much  more 
analysis  remains  to  be  done  in  order  to  clarify  the  relevance 
of  such  instabilities  to  situations  such  as  the  JET  post  dis¬ 
ruption  discharges  [1]. 
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Abstract 

We  examined  magnetic  field  and  energetic  (£  St  30  keV)  proton  and 
(E  >220keV)  electron  observations  obtained  by  the  spacecraft  IMP-6,  7, 
and  8  in  the  vicinity  of  both  the  (quasi-)  parallel  and  (quasi-)  perpendicular 
bow  shock  of  the  Earth.  The  observations  analysed  show  that:  (a)  for  a 
quasi-perpendicular  (45  €  0Bn  <  90°)  region  of  the  bow  shock,  the  down¬ 
stream  proton  fluxes  are  higher  (lower)  than  the  upstream  fluxes,  at  low 
(high)  energies,  (b)  for  an  oblique  (30  <  0Bn  <  70°)  bow  shock  there  exists  a 
strong  positive  correlation  of  the  (<30keV)  beam  events  published  by  Pas- 
chmann  et  al.  [15]  with  the  ambient  solar  ~50keV  proton  flux,  and 
similar  positive  correlation  with  the  value  of  the  induced  electric  field  E  = 
-t/sw  x  B  (c)  for  parallel  or  quasi-parallel  shocks  and  strong  upstream 
magnetic  wave  activity,  the  presence  of  upstream  >  50keV  ion  events  is  not 
a  continuous  phenomenon,  but  is  strongly  correlated  with  the  substorm 
activity  of  the  magnetosphere.  The  above  observations  along  with  other 
previously  published  observations  are  discussed  in  the  context  of  the  Shock 
Drift  Acceleration  (SDA)  and  the  Diffusive  (1st  order  Fermi)  acceleration 
theories.  We  infer  that:  (a)  a  seed  population  of  superthermal  (energetic) 
protons  are  accelerated  to  higher  energies  at  the  oblique  (quasi-perpendicu¬ 
lar)  bow  shock  via  the  SDA  process,  and  (b)  there  is  no  convincing  evidence 
for  acceleration  of  either  the  solar  wind  or  ambient  energetic  ions  to  ener¬ 
gies  ^  30-50  keV  via  the  Fermi  acceleration  process. 


1.  Introduction 

The  particle  acceleration  at  MHD  shocks  is  a  principal 
process  for  accelerating  particles  to  higher  energies  in  the 
universe.  Particles  are  accelerated  within  our  solar  system  at 
interplanetary  blast  and  corotating  waves,  and  at  planetary 
bow  shocks  [1,  2];  various  sites  of  particle  acceleration 
within  the  heliosphere  are  presented  in  Fig.  1.  Given  that 
there  has  been  a  series  of  spacecraft,  which  have  crossed  the 
earth’s  bow  shock  and  supplied  us  with  an  enormous 
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Fig.  1.  A  schematic  view  of  shock  acceleration  processes  in  the  Heliosphere 
(adapted  from  [2]). 


amount  of  field  and  particle  data,  it  is  implied  that  the 
earth’s  bow  shock  is  an  excellent  chance  for  researchers  to 
test  the  operation  of  various  particle  acceleration  models  at 
MHD  shocks  in  general. 

In  this  work  we  will  concentrate  our  attention  on  the 
acceleration  of  ions  to  high  (£^30keV)  energies.  This 
subject  has  been  a  controversial  one  in  the  scientific  com¬ 
munity  for  many  years.  The  capability  of  the  quasi-parallel 
(dawn)  bow  shock  to  accelerate  ions  to  high  energies 
(E  ^  30-50 keV)  is  still  under  investigation;  however,  it  is 
widely  accepted  that  the  quasi-perpendicular  bow  shock 
accelerates  ions  to  very  high  energies.  Two  main  models 
have  been  proposed  for  explaining  the  particle  and  field 
observations  obtained  in  the  vicinity  of  the  bow  shock,  the 
Shock  Drift  Acceleration  (SDA)  and  the  diffusive  or  1st 
order  Fermi  acceleration.  In  the  following  Section  (2)  we 
will  refer  to  these  acceleration  models.  In  Section  3  we  will 
report  the  characteristics  of  energetic  ions  populating  the 
region  near  the  earth’s  bow  shock.  Then,  in  Section  4,  we 
will  present  some  new  observations  obtained  in  the  same 
area.  Finally,  in  section  5,  we  will  discuss  the  ion  character¬ 
istic  in  the  context  of  SDA  and  Fermi  models. 


2.  Theoretical  models 

2.1.  Shock  drift  acceleration 

According  to  the  Shock  Drift  Acceleration  model  [3] 
charged  particles  are  accelerated  at  an  MHD  shock  wave  by 
\B  drifting  in  the  presence  of  the  induced  electric  field 
E  —  —  U  x  B,  U  and  B  being  the  plasma  velocity  and  B  the 
magnetic  field  magnitude,  respectively.  Computations  for 
particles  accelerated  at  a  collisionless  shock,  either  reflected 
or  transmitted  (Fig.  2)  can  easily  be  made  in  a  frame  of  ref¬ 
erence,  the  Hoffman-Teller  frame,  where  the  induced  electric 
field  E  is  null,  i.e.  in  a  frame  in  which  the  plasma  streams 
along  the  magnetic  field  line.  If  0Bn  is  the  angle  between  the 
magnetic  field  direction  and  the  normal  bow  shock  A  and  fi 
is  the  angle  between  the  plasma  velocity  U  and  the  normal 
n,  the  transformation  velocity  is  given  by 

V  =  V  cos  fi  sec  0Bn . 

Computations  can  easily  be  carried  out  if  the  magnetic 
moment 

B  =  mv2  sin2  a/2B 

(v  and  a  are  the  velocity  and  the  pitch  angle  of  a  particle)  is 
conserved  [4-9].  The  SDA  is  a  rapid  acceleration  process, 
which  predicts  efficient  acceleration  of  ions  and  electrons  at 
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accelerated  and  reflected  upstream  and  (b)  accelerated  and  transmitted 
downstream  from  a  quasi-perpendicular  shock  of  strength  n  =  2.  Units  of 
length  are  Kshock/'cyclotron  frequency  (adapted  from  [3]). 


both  large  angle  interplanetary  and  bow  shocks  in  a  few 
tens  of  seconds.  Figure  3  shows  the  probability  computed 
for  reflection  (R),  transmission  (T)  or  non-interaction  (N)  of 
a  particle  with  the  shock.  The  probability  varies  with  chang¬ 
ing  the  ratio 

e  =  V/v  ~  U  cos  /?  sec  dBJv 

At  large  angle  0Bn  or  small  value  of  the  particle  speed  v 
(low  energy  particle)  only  transmission  is  possible.  For 
decreasing  (increasing)  values  of  0Bn  the  probability  of  reflec¬ 
tion  transmission  increases  (decreases).  For  e  <  1,  both  the 
probability  of  particle  reflection  and  transmission  decrease, 
and  the  probability  for  non-interaction  increases  [6],  More 
special  predictions  of  the  SDA  model  will  be  reported  in 
Section  5  in  comparison  with  bow  shock  observations. 
However,  we  note  here,  that  under  solar  conditions,  which 
imply  in  a  large  value  of  the  induced  electric  field  E  = 
—  Usw  x  B  and  a  small  ratio  of  the  particle  gyroradius  Rc 
to  the  radius  of  curvature  Rc  of  the  bow  shock,  ions  can  be 
accelerated  more  efficiently  at  a  quasi-perpendicular  region 
of  the  bow  shock,  since  under  such  conditions  a  particle  can 
gain  a  large  amount  of  energy  without  leaving  the  large 


Fig.  3.  Reflection  (R),  Transmission  (T)  and  Non-interaction  (N)  coeffi¬ 
cients  vs.  the  ratio  e  =  U  cos  /?  sec  6Bn/v  for  a  quasi-perpendicular  shock.  N 
is  the  ratio  of  the  downstream  to  the  upstream  magnetic  field  magnitude 
(adapted  from  [6]). 


angle  0Bn  region  of  the  shock  [10-12].  Significant  contribu¬ 
tion  in  understanding  the  bow  shock  ion  acceleration  in 
terms  of  the  SDA  theory  has  been  made  by  Sonnerup  [14], 
Paschmann  et  al.  [15],  Burgess  [16]  and  Giacalone  [17]. 

2.2.  Diffusive  shock  acceleration 

The  Diffusive  Shock  Acceleration  or  1st  order  Fermi  accel¬ 
eration  process  [18-22]  has  been  applied  from  a  series  of 
researchers  to  the  earth’s  bow  shock  [7,  23-29],  According 
to  these  models  superthermal  ions  of  some  keV  are  acceler¬ 
ated  to  higher  (<150keV)  energies  by  multiple  reflections 
between  converging  scattering  centres  upstream  and  down¬ 
stream  from  the  bow  shock  [24]  or  waves  upstream  from 
the  bow  shock  and  the  bow  shock  itself  [7].  Fermi  acceler¬ 
ation  studies  have  been  based  on  either  analytical  solutions 
[26]  or  Monte  Carlo  simulations  [28]  of  a  convective  diffu¬ 
sive  transport  equation.  Particular  predictions  of  these 
models  in  comparison  with  bow  shock  associated  particle 
observations  are  reported  and  discussed  in  Section  5. 


3.  Previously  published  observations 

3.1.  Quasi-perpendicular  bow  shock 

Upstream  ions  of  energies  of  some  keV  are  almost  per¬ 
manently  present  at  magnetic  field  lines,  which  are  con¬ 
nected  with  large  angle  0Bn  of  the  earth’s  bow  shock  (30°  =$ 
0Bn  <  70°).  These  ions  stream  along  the  interplanetary 
Magnetic  Field  (IMF)  from  the  direction  of  the  bow  shock 
[15,  30-32].  However  acceleration  effects  of  a  quasi¬ 
perpendicular  bow  shock  region  to  energetic  ion  fluxes  have 
been  reported  up  to  energies  of  ~4MeV  both  upstream  and 
downstream  from  the  earth’s  bow  shock  in  the  presence  of 
an  ambient  energetic  particle  population  of  solar  origin,  i.e. 
energetic  particle  population  arrived  at  the  position  of  the 
earth’s  magnetosphere  after  the  occurrence  of  a  solar  flare 
[11,  12].  Acceleration  effects  to  the  high  energy  (E  ^  50keV) 
proton  fluxes  are  observed  under  specific  solar  wind  condi¬ 
tions,  which  imply  in  a  small  ratio  Rc/Rc  of  the  proton 
gyroradius  Rc  to  the  local  radius  of  curvature  of  the  bow 
shock  Rc,  and  large  values  of  the  induced  electric  field  E  = 
—  l/sw  x  fi1MF .  Acceleration  effects  to  high  energy  ions  have 
been  observed,  in  particular,  under  conditions  with  large 
values  of  the  solar  wind  velocity  t/sw  and  of  the  IMF  mag¬ 
nitude  B  [10]. 

If  the  IMF  forms  a  nearly  perpendicular  structure  at  a 
region  of  the  bow  shock  (0Bn  ~  90°),  all  of  the  energetic  ions 
are  transmitted  downstream  from  the  shock,  in  the  magne¬ 
tosheath.  If  the  IMF  forms  a  quasi-perpendicular  (45°  sS 
0Bn  <  90°)  bow  shock,  energetic  (E  ^  50  keV)  ions,  after 
their  acceleration  at  the  shock  front,  are  either  reflected 
upstream  from  the  bow  shock  or  are  transmitted  down¬ 
stream.  The  reflected  ions  travel  along  the  direction  of  the 
IMF  forming  angular  distributions  with  strong  field  aligned 
anisotropies.  The  ions,  which  are  transmitted  downstream 
from  the  bow  shock,  present  double  peaked  anisotropies  at 
large  angles  (nearly  perpendicular)  with  the  direction  of  the 
magnetic  field.  In  some  cases  the  double  peaked  anisotropy 
of  the  ion  angular  distributions  within  the  magnetosheath 
are  observable  at  only  the  higher  energy  (i.e.  >300keV) 
ions,  because  of  the  Compton-Getting  effect,  which  strongly 
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affects  the  angular  distributions  of  the  low  energy  particles 

[12]. 

If  an  ambient  solar  particle  population  with  an  energy 
spectrum  of  a  power  law  shape  {dj/dE  =  K  ■  E~y)  exists,  the 
ions  which  are  accelerated  and  transmitted  downstream 
from  the  bow  shock  present  an  energy  spectrum  at  low 
energies,  which  is  parallel  to  the  energy  spectrum  of  the 
solar  background  population.  Reflected  ions  of  high  inten¬ 
sities  are  observed  at  intermediate  energies,  while  their  spec¬ 
trum  converges  to  the  solar  background  one  at  both  the  low 
and  the  high  energies. 

3.2.  Quasi-parallel  bow  shock 

The  ion  behavior  in  the  vicinity  of  the  quasi-parallel  side  of 
the  bow  shock  has  been  the  subject  of  a  more  intense  inves¬ 
tigation  over  the  last  two  decades.  Since  the  IMF  forms  an 
~45°  angle  with  the  Sun-Earth  line  at  the  position  of  the 
Earth,  it  more  often  forms  a  parallel  shock  structure  at  the 
dawn  side  of  the  bow  shock  (Fig.  4).  Of  course,  upstream  ion 
events  are  observed  if  a  detecting  spacecraft  is  magnetically 
connected  with  the  bow  shock.  However  this  is  necessary, 
but  not  a  sufficient  condition  for  detecting  ^50keV  ions 
upstream  from  the  quasi-parallel  bow  shock  [10,  33-36]. 
From  Fig.  4  it  is  evident  that  a  spacecraft  through  its  trajec¬ 
tory  is  connected  magnetically  for  a  longer  period  with  the 
quasi-parallel  (dawn)  bow  shock  than  with  the  quasi¬ 
perpendicular  (dusk)  side  of  this  shock. 

Upstream  from  the  quasi-parallel  bow  shock  the  energetic 
( E  ^  30  keV)  ion  fluxes  often  display  broad  angular  distribu¬ 
tions  in  the  presence  of  large  amplitude  low  frequency 
plasma  and  magnetic  field  waves  [37].  However,  at  the 
onset  phase  of  an  upstream  particle  event,  before  the  gener¬ 
ation  of  the  magnetic  wave  activity,  the  energetic  ions 
stream  along  the  IMF  direction  and  present  strong  field 
aligned  anisotropies  in  the  detecting  angular  distributions 
[38]. 

The  energy  spectrum  of  the  energetic  ions  observed 
upstream  from  a  quasi-parallel  region  of  the  bow  shock  can 
be  well  described  by  a  power  law  shape  from  ~  50  keV  up  to 
energies  as  high  as  ~2MeV  [36,  39-41].  At  low  energies 
(E  ^  20-100  keV),  both  power  law  [42]  and  exponential 


Fig.  4.  Schematic  indicating  the  earth’s  bow  shock  along  with  an  IMF  in 
the  average  direction  (\p  =  135°)  and  trajectories  of  the  spacecraft  ISEE  1,  2 
and  IMP-7,  8.  Contours  of  constant  0B„  are  also  sketched  on  the  shock 
front  (adopted  from  [54]). 


[43,  44]  spectra  have  been  reported.  In  a  recent  statistics  we 
have  shown  that  the  upstream  events  with  significant  proton 
fluxes  at  intermediate  energies  (~50keV)  have  proton 
spectra,  which  extend  to  energies  >300keV  [13]. 

With  respect  to  the  spatial  distribution  of  ions,  a  hard¬ 
ening  of  the  spectra  toward  the  dusk  magnetopause/bow 
shock  at  energies  E  >  30-50  keV  has  been  confirmed  [42, 
45,  46],  The  ion  fluxes  decrease  with  increasing  distance 
from  the  bow  shock  in  the  sunward  direction,  with  an  e- 
folding  distance  L  a  7 RE(j  oc  c~x,L)  according  to  Ipavich  et 
al.  [43],  but  increase  downstream,  toward  the  earth  magne¬ 
topause  [47,  48].  Furthermore,  a  large  scale  ion  intensity 
gradient  from  the  upstream  region  toward  the  earth’s  mag¬ 
netotail  (plasma  sheet)  has  been  confirmed  with  multi¬ 
spacecraft  observations  [36, 45, 49], 

The  upstream  ion  events  present  either  forward  (FVD)  or 
inverse  (IVD)  or  not  at  all  (NVD)  velocity  dispersion  [49, 
50-52].  Anagnostopoulos  [13]  recently  found  a  statistical 
distribution  of  ~60%,  ~22%  and  ~18%  for  NVD,  FVD 
and  IVD,  respectively. 

The  upstream  and  magnetosheath  proton  fluxes  display  a 
strong  positive  correlation  with  substorm  activity.  This  is 
confirmed  by  both  one  case  [45,  49,  51,  53]  and  statistical 
studies  [42,  46,  48,  54].  Furthermore,  the  proton  events  are 
very  often  (~  80-90%)  accompanied  in  the  upstream  region 
by  the  presence  of  energetic  (E  ^  220  keV)  electrons,  which 
is  a  signature  of  particles  of  magnetospheric  origin  [13,  33, 
34]. 

3.3.  Quasi-perpendicular  I  Quasi-parallel  bow-shock: 
Comparison  of  simultaneous  multispacecraft  observations 
Here  we  report  the  results  from  a  comparative  study  of  the 
quasi-perpendicular  (dusk)  and  the  quasi-parallel  (dawn) 
side  of  the  earth’s  bow  shock,  based  on  simultaneous  mea¬ 
surements  obtained  by  two  spacecraft  (IMP-7  and  IMP-8) 
with  similar  energetic  particle  sensor  systems  [33],  This 
study  demonstrated  that  under  the  same  solar  wind  condi¬ 
tions,  the  quasi-perpendicular  side  of  the  bow  shock  did 
produce  acceleration  effects  in  the  intensities  of  energetic 
(0.050  <  E  ^  4.000  MeV/n)  ions,  whereas  the  quasi-parallel 
side  did  not  [11],  The  observations  obtained  during  that 
time  period  (intensity-time  profiles,  energy  spectra  and 
angular  distributions)  in  the  vicinity  of  the  quasi¬ 
perpendicular  bow  shock,  were  found  in  agreement  with  the 
predictions  of  the  SDA  theory. 

4.  New  observations 

4.1.  Quasi-perpendicular  bow  shock 

In  Fig.  5  we  present  magnetic  field  (a)  and  proton  (b)  obser¬ 
vations  from  the  spacecraft  IMP-6.  The  inset  in  Fig.  5(b) 
displays  the  average  position  of  the  bow  shock  and  the 
directions  of  the  IMF  B  at  the  times  marked  a,  b  and  c 
when  IMP-6  crossed  the  bow  shock  [normal  dashed  lines  in 
Fig.  5(b)],  It  is  evident  that  in  the  case  of  the  first  bow  shock 
crossing,  the  IMF  formed  an  oblique  bow  shock  at  the  posi¬ 
tion  of  IMP-6,  with  significant  magnetic  field  wave  activity. 
Non-observable  proton  acceleration  was  detected  at  ener¬ 
gies  >29.3keV.  In  the  second  and  third  crossings  (b  and  c) 
the  IMF  formed  an  angle  0Bn  closer  to  90°.  Remarkable 
intensity  enhancements  were  observed  by  IMP-6  in  the 
three  energy  ranges  (29.3-53.4  keV,  53.4-91.0  keV  and  91.0— 
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Fig.  5.  Magnetic  field  (a)  and  energetic  proton  (b)  observations  during  a 
time  period  when  the  spacecraft  IMP-6  crossed  the  earth’s  bow  shock  three 
times  (normal  dashed  lines  marked  a,  b,  c). 


358  keV)  shown  in  this  figure,  with  a  peak-to-background 
intensity  ratio,  which  becomes  smaller  with  increasing 
energy.  Furthermore,  it  is  evident  that  the  proton  flux  peaks 
downstream  from  the  bow  shock  at  the  low  energies  (29.3- 
91.0  keV),  but  it  peaks  upstream  from  the  bow  shock  at 
higher  energies  (E  ^  91.0keV).  Such  a  particle  acceleration 
configuration  has  been  known  so  far  only  for  interplanetary 
quasi-perpendicular  MHD  shocks  [56,  57];  it  is  the  first 
time  for  which  such  an  ion  behaviour  is  found  at  the  earth’s 
bow  shock.  We  also  note  that  the  IMP-6  spacecraft  when 
moved  upstream  from  the  quasi-perpendicular  bow  shock 
observed  first  significant  high  energy  proton  flux  enhance¬ 
ments  and  at  later  times  the  low  energy  ones  (before  the 
bow  shock  crossing  b).  Correspondingly,  after  it  left  the 
magnetosheath  and  entered  the  interplanetary  space  (c),  it 
stopped  observing  the  low  energy  protons  first  and  the  high 
energy  ones  at  later  times.  During  the  IMP-6  crossings  b 
and  c  of  the  bow  shock,  the  values  of  both  the  IMF  magni¬ 
tude  and  the  solar  wind  speed  were  somewhat  higher  than 


the  average  ones,  i.e.  Bb  ~  7.5  nT,  Bc~  9  nT,  and  I/sw  ~ 
550  km/sec  (instead  of  B  =  5nT,  (7SW  =  350  km/sec  usually 
observed). 

Figure  6  present  energetic  ion  and  solar  wind  speed 
observations  from  the  spacecraft  IMP-8  for  a  long  time 
period  when  this  spacecraft  crossed  the  quasi-perpendicular 
dusk  bow  shock  [10].  In  this  time  period,  with  exceptional 
high  values  of  the  IMF  magnitude  ( B  =  13-21.5  nT,  see  Fig. 
6)  and  solar  wind  speed  (t/sw  >  700  km/sec),  acceleration 
effects  in  the  proton  fluxes  were  observed  up  to  energies  as 
high  as  ~4MeV.  Furthermore,  acceleration  effects  were 
observed  to  energetic  (0.64-1.17  MeV/n)  a-particles  and 
energetic  (0.77-3.2  MeV/n)  nuclei  with  Z  >  3.  Forward 
velocity  dispersion  was  also  observed  upstream  from  the 
bow  shock,  during  the  time  period  examined  in  Fig.  6  (^  10 
UT).  The  two  insets  in  Fig.  6  display  the  energy  spectra  of 
the  proton  intensities  for  two  time  periods,  when  IMP-8  was 
found  upstream  (~12  :  13  UT)  and  downstream  ( — 11 :  34 
UT)  from  the  bow  shock  respectively;  along  with  the  energy 
spectrum  of  the  ambient  proton  population  (~  12  : 06  UT). 
These  energy  spectra  correspond  to  protons  reflected 
upstream  (R)  and  transmitted  downstream  (T)  from  the  bow 


IMP-8 
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Fig.  6.  Energetic  observations  (two  upper  panels)  and  solar  wind  speed 
(bottom  panel)  for  a  time  period  when  the  IMP-8  spacecraft  crossed  the 
quasi-perpendicular  dusk  bow  shock  several  times  (normal  dashed  lines). 
Intensity  enhancements  in  the  sectors  3  and  5  correspond  to  particles 
reflected  and  transmitted,  respectively.  The  two  insets  in  the  figure  display 
representative  energy  spectra  for  reflected  (R)  and  transmitted  (T)  particles. 
Shown  are  also  representative  angular  distributions. 
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shock  respectively.  Angular  distributions  with  field  aligned 
anisotropy  for  the  reflected  population  and  double  peaked 
anisotropy  perpendicular  to  the  magnetic  field  for  the  trans¬ 
mitted  population  respectively,  are  also  shown  in  the  insets 
of  Fig.  6. 

In  the  following,  we  provide  some  additional  observations 
for  18  beam  events  of  low  energies  at  times  when  ISEE-1 
and  2  were  found  upstream  from  a  large  angle  0Bn  (35°  < 
0Bn  <  80°-90°)  region  of  the  bow  shock.  These  beam  events 
were  first  published  and  discussed  by  Paschmann  et  al.  [15] 
and  Scholer  et  al.  [55].  Table  I  presents  values  of  some 
parameters  for  the  times  at  which  the  18  beam  events  were 
observed.  Figure  7  presents:  (a)  energetic  ion  ( £  ^  50keV/n) 
and  (b)  electron  (£  ^  220  keV)  observations  for  the  days 
182-187,  1978.  It  is  evident  that  the  solar  flare  of  ~09 :  30 
UT,  on  July  2  (183),  1978  emitted  energetic  particles  of  high 
intensity,  which  were  observed  at  the  position  of  the  earth  in 
the  following  days.  During  the  day  July  3  (184),  beams  of 
proton  and  a-particle  were  observed  by  ISEE-1  to  travel 
outward  from  the  bow  shock  along  the  direction  of  the  IMF 
(the  arrow  in  Fig.  7(a)  indicates  the  time  of  beam  detection). 
The  observations  of  Fig.  7  suggest  that  the  acceleration 
process,  which  produced  the  ion  beams  of  energies  as  high 
as  £  >  60  keV/q  upstream  from  the  large  angle  0Bn  bow 
shock,  could  use  a  reservoir  of  ambient  energetic  ions  in 
order  to  accelerate  these  ions  to  somewhat  higher  energies. 
In  a  further  examination  of  the  upstream  beam  events 
published  by  Paschmann  et  al.  [15],  we  also  found  that  the 
majority  of  these  events  were  observed  under  similar  solar 
wind  conditions.  For  instance,  most  of  the  18  beam  events 
discussed  by  [15]  were  observed  after  the  occurrence  of 
intense  solar  flares  which  produced  an  energetic  particle 
reservoir  in  the  vicinity  of  the  earth’s  magnetosphere.  In 
three  cases  Sudden  Storm  Commencement  effects  and/or 
interplanetary  MHD  shock  waves  were  observed  near  the 
earth. 

In  Fig.  8  we  display  the  speed  of  the  field  aligned  protons 
for  the  18  events  referred  to  above  vs.  (a)  the  angle  0Bn 
between  the  IMF  direction  detected  by  ISEE-1  and  the 


Table  I.  Upstream  beam  events  [15] 


No 

Date 

Time 

Ambient  50keV 
proton  flux 
(p/cm2  •  sec  ■  sr  ■ 

keV)  0h„ 

E 

(mV/m) 

(km/s) 

1 

Nov.  8 

19  : 

23 

0.893 

36 

0.89 

420 

2 

Dec.  7 

17 

10 

1.218 

48 

1.69 

740 

3 

Dec.  18 

12 

05 

0.828 

49 

0.35 

435 

4 

Dec.  25 

20 

04 

1.144 

36 

1.03 

380 

5 

July  3 

15 

35 

6.54 

71 

0.83 

1700 

6 

July  3 

23 

27 

22.236 

47 

5.8 

1350 

7 

July  6 

18 

48 

1.394 

56 

2.41 

1050 

8 

July  6 

18 

57 

2.055 

51 

3.19 

1070 

9 

July  17 

23 

42 

6.3 

55 

2.26 

875 

10 

July  17 

23 

47 

6.7  ■ 

55 

2.26 

720 

11 

Aug.  1 

01 

16 

0.675 

50 

0.93 

510 

12 

Aug.  14 

10 

27 

4.316 

47 

1.43 

900 

13 

Aug.  17 

17 

57 

1.198 

63 

2.89 

840 

14 

Aug.  24 

19 

43 

1.351 

48 

1.02 

570 

15 

Aug.  24 

19 

56 

1.351 

55 

0.97 

500 

16 

Aug.  27 

03 

50 

264.956 

64 

3.42 

1900 

17 

Sept.  2 

13 

46 

3.018 

42 

0.86 

750 

18 

Sept.  10 

19 

57 

3.058 

35 

2.06 

800 

IMP-8 


Fig.  7.  Energetic  (50-220  keV)  proton  and  (E  220  keV)  electron  fluxes 
observed  by  the  spacecraft  IMP-8.  It  is  evident  that  a  solar  particle  event 
followed  the  occurrence  of  a  solar  flare  (N,  W  90°)  at  ~  10 : 00  UT,  July  2 
(183),  1978.  The  arrow  in  the  upper  panel  indicates  a  time  period  when  ion 
beam  events  were  observed  by  the  ISEE-1  spacecraft  in  the  energy  range 
10SE<60keV/9[15,  55], 

normal  h  at  the  bow  shock;  (b)  the  ambient  solar  flux  (p/ 
cm2  •  sec  •  sr  ■  keV)  of  ~50keV  proton,  as  measured  by 
another  spacecraft  (IMP-8)  upstream  from  the  bow  shock  at 
the  same  times;  and  (c)  the  magnitude  of  the  interplanetary 
electric  field  \E\  =  |  -Us w  x  B\  =  l/swB  sin  ip,  where 
ip  =  (U,  B)  at  the  position  of  ISEE-1.  For  the  values  of  the 
angles  0Bn  and  i pV  B  we  used  the  ones  computed  by  [15], 
The  ~50keV  ambient  proton  flux  of  solar  origin  is  used 
here  as  an  index  of  the  possible  presence  of  less  energetic 
ions,  i.e.  presence  of  superthermal  (~10keV)  proton  popu¬ 
lation  of  the  same  (solar)  origin. 

Figure  8(a)  confirms  the  dependence  of  the  reflected  popu¬ 
lation  in  the  upstream  region  on  the  angle  0Bn .  In  this  case 
we  estimate  the  Spearman  correlation  coefficient  to  be  r5  = 
0.4992,  which  shows  a  strong  positive  correlation  between 
the  speed  of  the  reflected  beam  UB  and  0Bn.  However,  Figs 
8(b)  indicates  a  more  impressive  characteristic:  a  very  strong 
positive  correlation  between  UB  and  the  ambient  50keV 
proton  flux,  with  rs  =  0.8027  and  a  critical  level  p  <  0.0009. 
Figure  8(c)  also  indicates  a  strong  positive  relation  between 
reflected  speed  UB  and  the  value  of  the  induced  electric  field 
£,  with  rs  =  0.5906  (p  <  0.0149).  The  very  strong  correlation 
of  the  velocity  of  the  reflected  protons  with  the  ambient 
energetic  (superthermal)  proton  flux  is  an  impressive  new 
observational  result,  which  strongly  suggest  that  the  reflec¬ 
ted  population  originates  from  acceleration  of  superthermal 
(not  only)  solar  wind  protons. 

4.2.  Quasi-parallel  bow  shock 

Figure  9  displays  energetic  ion  and  electron  observations  for 
a  long  time  period  (06-24  UT,  Nov.  22,  1977),  when  a  solar 
particle  event  was  observed  by  IMP-8  in  the  vicinity  of  the 
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ELECTRIC  FIELD  (mV/m) 

Fig.  8.  Scatter  plots  of  proton  speed  vs.  (a)  the  angle  0Bn,  (b)  the  ambient 
solar  flux  of  50keV  protons  at  IMP-8,  and  (c)  the  magnitude  of  the  inter¬ 
planetary  electric  field  E  =  |  —Us w  x  B\,  for  18  ion  beam  events  observed 
by  ISEE-1  [15]. 


IMP-8 


Fig.  9.  Energetic  ion  and  electron  observations  obtained  by  the  spacecraft 
IMP-8  near  the  dawn  bow  shock.  The  ambient  solar  particle  flux  increased 
after  the  occurrence  of  a  solar  flare  (2B,  W40).  The  arrows  in  the  upper 
right  side  of  the  figure  indicates  times  when  IMP-8  crossed  the  dawn  bow 
shock  (in  the  presence  of  high  ion  background  intensities). 

dawn  flanks  of  the  earth’s  bow  shock.  The  arrows  on  the 
upper  right  part  of  this  figure  indicate  times  when  IMP-8 
crossed  the  surface  of  the  dawn  bow  shock.  Figure  10  pre¬ 
sents  energetic  (E  =  50-220  keV)  proton  and  magnetic  field 
observations  with  a  better  time  resolution,  during  a  time 
period  when  IMP-8  crossed  the  bow  shock  seven  times  suc¬ 
cessively  under  a  variety  of  IMF-bow  shock  configurations. 
Notice  that  rich  wave  activity  was  present  in  the  cases  of  the 
crossings  c  and  e,  when  the  IMF  direction  formed  a  nearly 
parallel  bow  shock  at  those  times.  It  is  evident  that  non¬ 
observable  acceleration  effects  at  energies  >50keV  were 
detected  by  the  IMP-8  spacecraft  for  all  the  shock  structures 
shown  in  Fig.  10,  i.e.  from  nearly  parallel  to  nearly  perpen¬ 
dicular  (see  inset  in  Fig.  10),  under  common  solar  wind  con¬ 
ditions  B  <  5nT,  (7SW  =  315  km/sec  observed  for  that  time 
period. 

From  the  examination  of  field  and  particle  observations 
obtained  by  IMP-8  over  the  time  period  of  ten  years  (1974— 
1984),  we  found  that  the  absence  of  2^50  keV  protons  events 
upstream  from  the  quasi-parallel  bow  shock  is  a  common 
phenomenon  under  conditions  with:  (a)  no  significant  sub¬ 
storm  activity  in  the  magnetosphere,  (b)  presence  of  high 
solar  background  flux,  which  hides  the  presence  of  magne- 
tospheric  ion  events  of  lower  intensities  [35],  In  the  follow¬ 
ing  we  will  discuss  such  a  representative  time  period,  when 
IMP-8  was  found  in  the  vicinity  of  the  (quasi-)  parallel  bow 
shock.  In  the  upper  panel  of  Fig.  1 1  shown  are  50-220  keV 
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NOV.  22, 1977 

Fig.  10.  Energetic  (50-220  keV)  proton  observations  of  high  time 
resolution  for  a  time  period  included  in  Fig.  9.  The  inset  indicates  the 
various  IMF-bow  shock  configurations  for  this  time  period.  Non¬ 
acceleration  effects  are  observable  in  the  >50keV  proton  intensities,  all  the 
kinds  of  the  bow  shock  structure  from  nearly  parallel  to  nearly 
perpendicular)  for  under  conditions  with  small  values  of  the  solar  wind 
speed  C/sw(  =  315km/sec)  and  of  the  IMF  B  ( <  5y). 


proton  observations  from  the  EPE/NOAA  experiment  on 
board  the  IMP-8  spacecraft,  for  the  day  April  18,  1975,  and 
in  the  second  panel  the  auroral  electrojet  indices  AO,  AE, 
AL,  and  AU,  which  indicate  the  level  of  substorm  activity 
within  the  magnetosphere.  In  the  inset  of  Fig.  1 1  we  display 
the  position  of  IMP-8  at  the  time  of  a  bow  shock  crossing 
(10 :  30  UT,  Apr.  18,  1975)  and  the  position  of  the  earth’s 
bow  shock  in  a  plane  containing  the  axis  A"SE  and  the  space¬ 
craft  IMP-8.  From  Figs  11(a)  and  11(b)  it  is  evident  that 
proton  flux  enhancements  were  present  only  after  the  onset 
of  the  substorm  activity,  i.e.  after  ~  1 1  :  50  UT,  with  angular 
distributions  forming  a  broad  shape  in  the  presence  of  sig¬ 
nificant  magnetic  field  wave  activity  [Fig.  11(c)].  We  have 
also  found  by  examining  observations  (not  shown  here) 
obtained  by  the  CPME/APL  instrument  on  board  the  same 
spacecraft  IMP-8,  that  ^300keV  protons  and  ^220keV 
electrons  were  also  present  over  the  time  period  ~12 :  15- 
14  : 00  UT.  Given  that  protons  with  an  energy  spectrum 
extending  up  to  energies  higher  than  300  ke V  and  accompa¬ 
nied  by  the  presence  of  energetic  ( E  ^  220  keV)  electrons  are 
a  signature  of  presence  of  magnetospheric  particles  [33,  34], 
we  can  infer  that  magnetospheric  particles  were  present  at 
the  position  of  the  spacecraft  IMP-8  after  the  onset  of  the 
magnetospheric  substorm.  Figure  11(c)  presents  magnetic 
field  observations  with  fine  time  resolution  for  both:  (a)  a 
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Fig.  11.  (a)  Fluxes  of  50-220  keV  protons  measured  by  the  IMP-8  space¬ 
craft  upstream  from  the  parallel  (dawn)  side  of  the  bow  shock  (see  inset  in 
the  upper  left  side),  along  with  indices  of  magnetospheric  substorm  activity. 
It  is  evident  that  the  presence  of  upstream  proton  events  are  closely  corre¬ 
lated  with  enhanced  substorm  activity,  (b)  Broad  angular  distributions  of 
50-220  keV  intensities  as  observed  by  IMP-8  in  the  frame  of  the  spacecraft 
(1)  in  the  frame  of  solar  wind  (2)  and  in  a  frame  with  null  electric  field 
(£  =  —  t/sw  x  B).  (c)  Fine  time  magnetic  field  measurements  for  two  time 
periods  with  strong  (a)  and  moderate  wave  activity  (b),  respectively.  Non¬ 
acceleration  effects  in  the  50-220  keV  proton  fluxes  were  observed  during 
the  first  period  a  [see  Fig.  11(a)]. 
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time  period  (09  :  00-10  :  45  UT)  before  the  beginning  of  the 
substorm  activity  [solid  bar  marked  a  in  Fig.  11(a)],  and  (b) 
for  a  time  period  (13  :  00-14  :  00  UT)  with  a  turbulent  mag¬ 
netosphere  [solid  bar  marked  b  in  Fig.  11(a)].  We  see  that 
at  ~  10  :  30  UT  an  IMF  discontinuity  turned  the  field  direc¬ 
tion  southward  and  (most  probably)  causes  an  outward 
motion  of  the  bow  shock  and  a  crossing  by  IMP-8.  We  note 
that  a  southward  IMF  direction  is  a  preferential  one  for 
enhanced  substorm  activity  and  ion  leakage  through  the 
magnetospause  [46].  Within  the  above  two  periods  (a  and 
b)  the  IMF  formed  a  nearly  parallel  bow  shock  (0Bn  ~  0°), 
with  strong  wave  activity  in  the  first  case  (a)  and  a  mod¬ 
erate  wave  activity  in  the  second  one  (b).  If  an  acceleration 
process  depending  on  the  angle  0Bn  and  the  wave  activity 
was  in  progress,  and  such  an  acceleration  mechanism  con¬ 
tributed  in  the  flux  enhancement  observed  after  ~12  UT, 
we  infer  that  a  higher  flux  enhancement  would  have  been 
observed  during  the  time  period  b,  in  the  presence  of  a 
similar  parallel  bow  shock  and  of  a  stronger  wave  activity. 
On  the  contrary  we  see  that  no  significant  proton  activity 
was  present  in  the  first  time  period  a,  although  the  wave 
activity  was  more  intense  than  that  in  the  case  b,  but  under 
conditions  of  a  quiet  magnetosphere.  Also  note  that 
between  09  :  00-10  :  45  UT  the  IMP-8  spacecraft  was  found 
just  upstream  from  the  bow  shock,  where  the  ion  flux 
expected  by  Fermi  acceleration  models  are  highest  [26,  43]. 

5.  Summary  of  observations  and  discussion 

5.1.  Shock  drift  acceleration  of  energetic  ions 

We  have  shown  that  at  quasi-perpendicular  (45°  ^  0Bn  < 
90°)  regions  of  the  earth’s  bow  shock  energetic  (E  ^  30  keV) 
protons  are  accelerated  and  are  either  reflected  upstream  or 
are  transmitted  downstream  from  the  bow  shock.  The  reflec¬ 
ted  ions  stream  along  the  IMF,  whereas  the  ions  transmit¬ 
ted  downstream  from  the  bow  shock  present  angular 
distributions  with  a  double  peaked  anisotropy  at  large 
angles  with  the  bow  shock.  Furthermore,  the  reflected  ions 
present  forward  velocity  dispersion  when  a  detecting  space¬ 
craft  enters  the  foreshock  region  from  a  region  which  is  not 
connected  magnetically  with  the  bow  shock. 

In  this  study  we  have  revealed  a  new  characteristic  of  the 
upstream  ion  enhancements  observed  at  quasi¬ 
perpendicular  regions  of  the  bow  shock;  the  ratio  of  the 
upstream  proton  flux  to  the  flux  of  the  downstream  protons 
increase  with  increasing  energy.  This  finding  is  predicted 
from  the  SDA  theory  (Fig.  3),  and  it  has  already  been  con¬ 
firmed  in  the  case  of  interplanetary  shock  waves.  The 
angular  distributions  and  energy  spectra  observed  near  the 
quasi-perpendicular  bow  shock  are  also  in  agreement  with 
the  predictions  of  the  SDA  theory  [3,  6,  9,  58-60].  In  Table 
II  we  summarize  the  most  characteristic  predictions  of  the 
SDA  theory,  which  are  all  found  to  be  confirmed  in  the  case 
of  the  bow  shock. 

Non-acceleration  effects  at  the  bow  shock,  at  energies 
^30keV,  we  found  in  the  following  cases  for:  (a)  a  quasi¬ 
parallel  bow  shock  (0  <  0Bn  <  45°),  even  though  a  rich  wave 
activity  existed,  (b)  a  quasi-perpendicular  bow  shock,  but  in 
the  presence  of  small  or  common  values  of  the  solar  wind 
speed  Usw  and  of  magnetic  field  magnitude  B,  and  (c)  a 
quasi-perpendicular  bow  shock  in  the  absence  of  an  ambient 
energetic  particle  population. 


Table  II.  Shock  drift  acceleration  at  the  earth’s  bow  shock 


Predictions 

Observations 

1.  Intense  acceleration  effects  under 

conditions  of: 

(a)  (Quasi-)  perpendicular  (45°  ^  0Bn  ^  90°) 

Consistent 

shock  structure, 

(b)  Large  ratio  RG/RC  of  the  proton 

Consistent 

gyroradius  to  the  local  radius 

of  curvature  of  the  bow  shock, 

(c)  Large  value  of  the  induced  electric 

Consistent 

field  |£|  =  |— l/x  B\, 

(d)  Existence  of  a  seed  particle  population 

Consistent 

2.  (a)  0Bn  ce  90° :  T“ 

Consistent 

(b)  0Bn  <  90° :  Rb  &  T 

Consistent 

3.  (a)  Intense  effects  to  T :  at  low  energies 

(b)  Intense  effects  to  R:  at  high  energies 

Consistent 

4.  Energy  spectra 

Consistent 

5.  Final  (maximum)  energy  of  accelerated: 

(a)  solar  wind  protons:  #  keV 

Consistent 

(b)  ambient  superthermal  protons:  tens  of  keV 

Consistent 

(c)  ambient  energetic  protons:  #  MeV 

Consistent 

6.  Velocity  dispersion  of  R:  Forward 

Consistent 

7.  Angular  distributions  of 

(a)  R:  field  aligned  anisotropy 

Consistent 

(b)  T :  double  peaked  anisotropy 

perpendicular  to  the  field  direction 

“  T:  Transmitted  population 
b  R :  Reflected  population 


5.2.  Shock  drift  acceleration  of  superthermal  ions 
We  also  found  that  the  low-energy  protons,  which  are 
observed  upstream  from  the  bow  shock  to  travel  along  the 
IMF,  the  so-called  reflected  population  [61],  are  strongly 
dependent  on  three  different  parameters:  (a)  the  angle  0Bn 
forming  between  the  IMF  direction  and  the  normal  to  the 
bow  shock  front  (b)  the  value  of  the  induced  interplanetary 
electric  field  \E\  =  |  —USVi  x  B |  and  (c)  the  presence  of  an 
ambient  superthermal  proton  population  of  solar  origin,  as 
possibly  suggested  by  the  presence  of  a  high  energy 
(E  Si  50keV)  tail  in  the  ambient  proton  spectrum.  The 
occurrence  of  the  reflected  beam  events  in  correlation  with 
the  coccurrence  of  a  solar  flare  and  the  presence  of  an 
ambient  population  of  solar  origin  at  low  energies  confirms 
the  predictions  of  a  relevant  numerical  study  [16],  which 
predicted  the  SDA  as  a  viable  mechanism  at  oblique  shocks 
for  initial  energies  down  to  those  normally  classified  as 
superthermal. 

The  dependence  of  the  proton  beam  speed  on  the  value  of 
the  induced  electric  field  E  is  an  impressive  new  result  for 
the  low  energy  (E  <  30  keV)  reflected  population,  which 
further  confirms  that  this  population  originates  from  SDA 
at  the  bow  shock.  Large  values  of  the  induced  electric  field 
E  and  a  small  ratio  Ra/Rc  of  the  proton  gyroradius  to  the 
local  curvature  of  the  bow  shock  have  been  confirmed  so  far 
to  favour  further  energization  of  E  ^  30  keV  protons  at  the 
quasi-perpendicular  bow  shock  [10,  11,  17],  Anagnosto- 
poulos  and  Sarris  [10]  suggested  that  under  such  condi¬ 
tions,  an  energetic  (E  ^  30keV)  proton  could  gain  a  large 
amount  of  energy  by  drifting  only  a  small  distance  on  the 
shock  front,  and  consequently,  without  changing  the  favour¬ 
able  for  the  SDA  quasi-perpendicular  structure  of  the  bow 
shock.  However  even  a  proton  of  a  small  energy  i.e.  a 
proton  of  initial  energy  £;  =  4  keV,  must  drift  a  significant 
distance  of  ~  8 RE  along  the  shock  surface  in  order  to  accel- 
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erate  to  a  factor  of  7-12  [16].  For  such  a  large  removal  the 
characteristic  angle  8Bn  changes  drastically  and  the  acceler¬ 
ation  efficiency  may  be  reduced,  except  that  an  enhanced 
electric  field  and/or  a  shortening  of  the  ratio  Rc/Rc  acceler¬ 
ates  the  proton  to  high  energy,  in  a  shorter  distance,  in  a 
similar  way  which  favours  the  acceleration  of  the  energetic 
(i.e.  ^30keV)  protons  at  the  bow  shock  [10]. 

Scholer  et  al.  [55]  noted  that  at  the  end  of  the  day  July  3, 
1978  the  ISEE-1  spacecraft  detected  a  beam  of  ^60keV/q 
ions,  at  a  time  for  which  the  simple  reflection  theory  [14, 
15]  predicts  reflection  of  protons  with  maximum  energy  of 
~10keV.  Since,  we  have  confirmed  that  an  ambient  proton 
population  of  solar  origin  existed  on  that  day  (Fig.  7)  with  a 
spectrum  extending  well  above  50keV,  the  presence  of  the 
ambient  superthermal/energetic  proton  population  can  suc¬ 
cessfully  explain  the  presence  of  high  energy  ( E  60  keV) 
protons  reflected  upstream  from  the  bow  shock,  through 
SDA  [16,  17], 

5.3.  Diffusive  acceleration 

The  representative  observations  presented  upstream  and 
downstream  from  a  parallel  and  turbulent  bow  shock  region 
(0Bn  =  0°)>  further  confirms  that  there  exist  major  inconsis¬ 
tencies  of  the  predictions  of  the  diffusive  (1st  order  Fermi) 
acceleration  models  with  the  observations.  Table  III  dis¬ 
plays  the  major  predictions  of  this  theory  and  the  results 
from  a  comparison  with  the  observations  both  presented  in 
this  as  well  as  in  other  relevant  studies.  We  note  that, 
although  some  investigators  claim  that  diffusive  acceleration 
makes  precise  predictions  for  upstream  ions  [62],  this  is  true 
only  for  some  of  the  upstream/downstream  characteristics. 
No  consistency  is  found  if  predictions  of  1st  order  Fermi 
acceleration  models  are  compared  with  the  whole  body  of 
observations  from  one  spacecraft,  i.e.  energy  spectra  north- 
south  and  dawn-dusk  anisotropies  of  angular  distributions, 
velocity  dispersions,  intensity-time  profiles,  composition  of 
particle  events  etc.  and  more  if  multispacecraft  observations 
be  taken  into  account  [36,  49,  51-53], 


Table  III.  Diffusive  (1st  order  Fermi)  acceleration  at  the 
earth ’s  bow  shock 


Predictions 

Observations 

1.  Intense  acceleration  effects  under 

conditions  of: 

(a)  Quasi-parallel  (0°  <  0B„  <  45°)  shock 

consistent 

structure 

(in  some  cases) 

(b)  Long  connection  time  tc  of  the  field 

Consistent 

line  with  the  bow  shock 

(in  some  cases) 

2.  Angular  distributions:  broad 

Consistent 

(at  low  energies) 

3.  Proton  intensities  decrease  with 

increasing  distant  form  the  bow  shock 

(a)  upstream  and 

Consistent 

(b)  downstream 

Inconsistent 

4.  Hardening  of  spectra:  toward  dawn 

Inconsistent 

5.  Maximum  energy:  ~150keV 

Inconsistent 

(100%) 

6.  Velocity  dispersion :  inverse 

Inconsistent 

( —  80%) 

7.  Presence  of  energetic  electrons:  No 

Inconsistent 

(-92%) 

8.  a-particle  to  proton  ratio  a/p  :  solar 

Consistent 

9.  Direct  correlation  with  magnetospheric 

Inconsistent 

subnorm  activity:  No 

The  energetic  (E  ^  30keV)  ion  events  which  are  observed 
upstream  or  downstream  from  the  quasi-parallel  bow  shock 
are  most  probably  of  magnetospheric  origin  [34,  36]. 
However,  ions  of  lower  energies  may  be  accelerated  at  the 
bow  shock  through  Fermi  acceleration  process. 

5.4.  Solar  cycle  dependent  acceleration  process  at  the  bow 
shock 

Since,  the  Shock  Drift  Acceleration  of  superthermal  or  ener¬ 
getic  protons  to  high  energies  at  the  bow  shock  depends  on 
the  solar  wind  speed  l/sw  and  the  magnitude  of  the  IMF  B, 
we  believe  that  the  occurrence  of  reflected  beam  events  at 
high  energies  (i.e.  ^30keV)  is  a  solar  cycle  dependent  phe¬ 
nomenon.  Indeed,  we  have  initial  results  from  such  a  study, 
which  shows  a  higher  occurrence  frequency  of  high  energy 
(E  >  50keV)  upstream  beam  events,  during  the  years  1974- 
1975  than  between  1978-1979. 
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Abstract 

An  analytic  estimate  is  made  for  radiation  from  electrons  oscillating 
between  magnetic  surfaces  of  the  earth’s  magnetotail.  The  oscillation  is 
highly  anharmonic  and  occurs  within  the  neutral  sheet.  An  estimate  of  4- 
10 kHz  is  obtained  for  the  frequency  of  the  electromagnetic  radiation  from 
an  anisotropic  beam  of  electrons;  this  radiation  grows  to  appreciable 
amplitude  within  ~  2  cycles,  and  results  from  a  phase-bunching  instability. 


The  Barkhausen  effect,  reported  in  1920  [1],  originally  had 
to  do  with  the  production  of  high  frequency  radiation  in  a 
radio  tube  circuit  [2];  by  appropriate  biasing  of  the  grids, 
an  anharmonic  oscillation  of  an  electron  stream  could  be  set 
up.  This  oscillation  is  now  understood  [3]  as  part  of  a  class 
of  radiating  instabilities  of  electron  beams  in  which  phase- 
bunching  of  the  charges  occurs  (as  distinguished  from 
spatial  bunching).  An  important  example  of  this  effect  is  the 
gyrotron  [4], 

In  this  paper,  we  develop  a  brief  calculation  for  the  oscil¬ 
lating  motion  of  an  electron  in  the  neutral  equatorial 
current  sheet  of  the  earth’s  magnetotail,  and  comment  upon 
the  excitation  of  an  electromagnetic  wave  which  may  result 
from  the  anharmonic  Barkhausen-type  motion  of  the  elec¬ 
trons.  This  region  of  the  magnetosphere  contains  a  rela¬ 
tively  high  concentration  of  energetic  particles  and  free 
energy,  and  therefore  it  is  potentially  a  source  of  instabilities 
and  radiation.  The  model  for  the  system  is  shown  in  Fig.  1. 
The  x  axis  is  in  the  equatorial  direction,  the  y  axis  is  in  the 


®  ®  ®  ®  ® 

Fig.  1.  Model  for  the  electron  oscillation  with  the  axes  directions  indicated. 
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vertical  or  polar  direction,  and  the  z  direction  extends 
outward  from  the  earth  along  the  magnetotail. 

Table  I  contains  a  list  of  plasma  parameters  which  are 
generally  accepted  [5],  However,  the  sheet  width  has  been 
more  difficult  to  measure  because  it  varies  rapidly,  but  it  is 
necessary  to  provide  a  scale  width  for  the  magnetic  field 
variation.  The  current  is  such  that  the  directed  motion  of 
the  electrons  within  the  sheet  is  of  the  same  order  to  a  factor 
of  two  larger  than  the  thermal  speed  of  the  electrons. 

We  begin  by  taking  a  simplified  form  for  the  variation  of 
Bz{y):  Fig.  1  shows  this  model  for  the  current  field  of  the 
neutral  sheet,  which  contains  the  “cross-tail”  current  - jx : 

Bz(y)  =  B0  y/L, 

which  provides  the  vector  potential  component 


The  single  electron  Hamiltonian,  in  terms  of  the  electron 
momenta  px  and  py  (p,  is  ignored)  is 


H-f  +  2- 

2m  2m 


The  model  is  such  that  px  is  a  constant,  which,  for  simpli¬ 
city,  we  take  to  be  zero;  then  l/2m[(eB0/2L)y2]2  is  a  quartic 
“effective  potential”  of  the  electron.  The  Hamilton  equations 


Table  I.  Typical  numerical  values  of  plasma  parameters 


electron  density  n~)cm 
electron  plasma  frequency 


electron  temperature  ~5kV 
electron  thermal  speed  —  c/10  ~  3  x  109  cm/sec 
random  electron  thermal  current  ~2.5-5.0  x  10 ~6  A/m2 
B,  magnetic  field  near  sheet  ~  50  pG 
toc  =  eB/m  ~  103  sec- 1 
2 L,  sheet  width  ~10km  —  2  km 
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for  the  y-component  of  motion  are 


dJL  =  E*=V 


A  SH 

and  —  = 

Sy 


.V  1  e2B2o  3 


and  are  nonlinear.  We  do  not  integrate  these  equations,  but 
merely  analyze  them  to  find  a  dimensionally  correct 
“bounce”  frequency,  f0 ,  of  the  electron  motion  (a  spectrum 
of  harmonics  may  also  be  anticipated). 

Taking  mV  ~  mVf0 ,  we  find 


in  MKS  units,  where  the  characteristic  energy,  E  =  jmV2h, 
will  define  a  “turning  point”  of  the  motion,  yt,  where  Vy  =  0. 

,  ,  1  e2Bl  , 

if* 


Substituting  numbers  from  Table  I,  we  find  that  f0  ~ 
4-10  kHz,  that  is,  larger  than  fc  =  cojln,  and  of  the  same 
order,  or  larger  than,  wJ2n,  the  plasma  frequency.  The 
turning  point  of  the  motion  is  ~  10  km  which  is  ~  2 L.  A 
detailed  study  of  orbits  of  charged  particles  in  a  magnetic 
null  has  been  made  by  Sonnerup  [6]. 

If  the  x-component  of  the  electron  momentum  is  not  zero, 
then  a  distribution  of  electron  momenta  will  give  a  spectrum 
of  bounce  frequencies.  One  can  estimate  the  frequency  of  the 
“background”  of  simple  harmonic  oscillations  caused  by 
finite  x-momentum  of  the  electron.  For  the  same  choice  of 
parameters,  it  is  in  the  range  of  500  Hz,  far  lower  than  the 
bounce  frequency. 

If  phase  bunching  occurs,  an  EM  wave  would  grow  and 
have  f  ~f0,  which  corresponds  to  a  wavelength  of  ~  50  km. 
The  bounce  motion  of  an  electron  would  include  roughly 
104  cycles  within  the  magnetospheric  region,  permitting  a 
gradual  interaction  with  the  EM  wave. 

We  next  turn  to  the  question  of  the  growth  of  the  EM 
wave.  The  dispersion  relation  of  the  wave,  using  a  “cold” 
beam  of  electrons,  is 

co2  -  c2K2x  -  c2K2 

cop _ Pi  c2K2 

<*>-  KXVX-  a>0  2  (to  -  Kx  Vx  -  o>0)2 


where  Kx  is  the  wave  vector  in  the  sense  of  the  electron 
motion  along  the  x  axis,  K±  refers  to  the  y  direction  ~  1/L, 
and  pL  is  the  transverse  motion  — 1/10.  The  second  term 
within  the  brackets  is  responsible  for  the  instability,  and 
dominates  the  first  term  for  co  ^  co0  +  Kx  Vx .  This  permits 
an  estimate  of  the  maximum  growth  rate  for  the  instability 


We  find  T max/ft>0  ~  1/2,  that  is,  rapid  growth.  However,  a 
“warm  beam”  may  be  expected  to  provide  much  less  growth 

[4]. 

The  waves  move  along  the  plasma  sheet  channel,  diffract 
outward,  and  propagate  through  the  plasma  since  co0  >  a>p 
and  a>0  >  coc .  Radiation  at  kHz  frequencies  has  been 
observed  from  the  earth’s  magnetosphric  system  however  it 
is  not  known  specifically  if  there  is  such  radiation  emerging 
from  the  neutral  sheet. 
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Abstract 

Solar  flare  data  are  examined  with  an  eye  to  seeing  if  they  suggest  collective 
acceleration  of  ions.  That,  in  fact,  seems  to  be  the  case.  The  collective  accel¬ 
eration  mechanism  of  Gershtein  is  reviewed  and  the  possibilities  of  the 
mechanism  are  discussed. 

1.  Introduction 

We  have  examined  the  solar  flare  data  and  note  that  there 
are  a  number  of  aspects  of  the  data  that  suggest  collective 
acceleration.  In  particular,  timing  data,  energy  spectrum 
data,  and  the  flux  data  are  all  at  least  consistent  with,  and  in 
a  way  most  suggestive  of,  a  collective  mechanism  of  acceler¬ 
ation. 

Following  a  review  of  the  data  in  Section  2,  we  discuss 
very  briefly  the  mechanism  proposed  by  Gershtein  [1]  in 
Section  3.  In  Section  4  we  make  some  remarks  concerning 
the  possibilities  of  the  mechanism. 

2.  Solar  flare  data 

Timing  data  of  solar  flares  have  been  studied  by  Forrest  and 
Chupp  [2],  and  they  conclude  that  “the  simultaneous  start¬ 
ing  times  of  X-rays  >40keV  and  y- ray  emission  show  that 
electrons  and  ions  were  accelerated  within  seconds  of  each 
other”. 

The  energy  spectrum  data  of  ions  from  solar  flares  have 
been  studied  by  Reames,  Richardson  and  Wenzel  [3].  We 
reproduce,  as  Table  I  a  representative  sample  of  these  data. 
Notice  that  the  spectral  indices  are  essentially  the  same  for 
3  He,  4He,  O,  Fe. 

Assuming  the  ratio  of  proton  and  electron  energy  is  given 
by  the  present  collective  acceleration  model,  i.e. 
^proton/ -^-'electron  =  M /m  where  M  and  m  are  the  masses  of 
proton  and  electron  respectively,  the  ratio  of  the  flux  of 
proton  to  electron  can  be  seen  in  Fig.  1,  taken  from  the 
work  in  Ref.  [4],  From  these  data  one  observes  that  the 

Table  I.  Spectral  Indices  for 
Various  Particle  Species 


3He 

3.4  ±  0.2 

4He 

3.3  ±  0.7 

O 

3.4  ±  0.5 

Fe 

3.4  +  0.4 
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ratio  of  the  number  of  accelerated  protons  to  the  number  of 
accelerated  electrons  is  roughly  10“ 4  The  ratio  is  more  or 
less  independent  of  the  particular  flare. 

3.  Collective  acceleration 

The  collective  acceleration  works  by  having  ions  trapped  in 
the  space  charge  field  of  a  collection  of  moving  electrons.  As 
the  electrons  are  accelerated  to  high  enegy  the  ions  are 
dragged  along  at  the  same  velocity.  In  this  way  the  acceler¬ 
ation  of  both  electrons  and  ions  is  simultaneous.  Provided 
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the  ions  are  not  left  behind  while  the  electrons  continue  to 
be  accelerated,  the  energy  spectra  of  the  ions  and  electrons 
will  be  similar,  and  so  are  the  energy  spectra  of  various 
species  of  ions.  Finally,  the  ratio  of  ion  to  electron  energy 
should  be  proportional  to  the  ratio  of  ion  to  electron  mass, 
and  the  ratio  of  ion  to  electron  flux  must  be  less  than  ratio 
of  electron  to  ion  mass. 

All  of  these  general  features  are  essentially  present  in  the 
data.  We  cannot  argue  that  the  data  “prove”  that  the  collec¬ 
tive  acceleration  mechanism  is  valid,  but  they  certainly  are 
consistent  with  the  hypothesis  and,  we  might  add,  most  sug¬ 
gestive  of  the  mechanism. 

The  mechanism  considered  by  Gershtein  [1]  is  similar  to 
the  electron  ring  accelerator  (ERA),  as  originally  proposed 
by  V.  I.  Veksler  [5].  There  might  be  other  collective  acceler¬ 
ation  mechanisms  relevant  to  solar  flares.  Nevertheless,  we 
follow,  here,  the  discussion  of  Gershtein.  In  an  ERA,  we 
have  initially  a  rotating  ring  of  electrons  with  no  longitudi¬ 
nal  motion  (a  ring  at  rest).  The  ring  is  “loaded”  with  a  small 
fraction  of  ions.  A  spatially  decreasing  magnetic  field  will 
convert  the  electron’s  transverse  (ring/cyclotron)  energy  into 
longitudinal  energy,  and  the  ring  will  accelerate  along  the 
field  lines.  In  this  process  (called  “magnetic  expansion”  in 
the  ERA  literature)  the  ions  will  be  dragged  along. 

From  the  adiabatic  magnetic  flux  conservation  law 

BR2  =  B0R20, 

and  the  velocity  relations 


v\=vl-v  l. 


V±  = 


eBR 
7o  me’ 


eB0  R0 
y0mc  ’ 


one  obtains  for  the  longitudinal  velocity  of  the  electron 


where  B0,R0,  v0  are  the  initial  values  for  the  magnetic  field, 
electron’s  gyroradius  and  velocity,  respectively.  Assuming 
that  the  ion  moves  with  the  same  longitudinal  velocity,  Uy , 
as  the  electrons,  the  relativistic  energy  of  the  ion  is  given  by: 


In  the  ERA  literature  this  formula  is  usually  evaluated  in 
the  relativistic  limits,  so 


but  for  solar  flares  a  non-relativistic  approximation  is 
(almost  always)  valid,  and  we  obtain 


where  T  is  the  kinetic  energy  of  the  ion  and  Te  is  the  initial 
transverse  kinetic  energy  of  the  electron. 

The  magnitude  of  the  electric  field  produced  by  a  ring 
containing  N  electrons  may  be  estimated  by  its  maximum 
value  at  the  edge  of  the  ring  tube 


where  a  and  R  are  the  minor  and  major  radius  of  the  elec¬ 
tron  ring,  respectively.  The  energy  gain  of  an  ion  of  charge  q 
and  moving  a  distance  Az  in  the  space  charge  field  of  the 
electron  ring  is  given  by 


This  must  be  equal  to  or  larger  than  the  kinetic  energy  gain 
of  the  ion : 

_  M  Id  B  A 

Te  DA  ^ Z > 

m  B0  az 

if  the  ion  is  to  remain  trapped  in  the  field  of  the  electron 
ring,  i.e. 

Nqe  >  M  1  d B 

nRa  ^  m  B0  dz 

which  gives,  in  terms  of  the  electron  density,  n,  in  the  elec¬ 
tron  ring 

w[cm~3]  ^  101S  1 

a[cm]LB[cm] 

where  we  have  assumed  the  ion  to  be  a  proton,  and 


B  ‘ 

B0  dz 

Taking  typical  values  of  the  magnetic  field  and  its  gradient 
inside  solar  flares,  B0  ~  100  Gauss,  dB/dz  ~  10“ 6  Gauss/cm, 
and  assuming  Te~100keV  and  a  ~  1  cm,  we  have 
n  >  106cm-3.  This  condition  is  easily  satisfied  in  solar 
flares.  The  major  radius  of  the  electron  ring,  taken  to 
be  the  electron  gyroradius  given  by  R[cm]  =  1.7 
x  103(y2  —  l)1/2/H0[Gauss],  is  about  11cm. 


4.  Remarks  on  electron  ring  formation 

In  the  previous  section  we  have  considered  the  acceleration 
of  ions  by  well-formed  electron  rings.  The  model,  however, 
is  silent  on  the  subject  of  electron  ring  formation.  To  trap 
and  accelerate  ion  effectively  a  few  conditions  are  required 
in  the  ring  formation.  First,  there  must  be  a  rotating  clouds 
of  energetic  electrons  accelerated  along  the  magnetic  field 
lines,  second,  the  electrons  must  be  bunched  to  proper  scale 
longitudinally,  and  third,  the  bunching  structure  must  be 
preserved  long  enough  along  the  passage  of  beam  propagat¬ 
ing  through  ambient  solar  plasma. 

We  could  say  the  following  on  the  first  condition:  when 
solar  flares  erupt,  magnetic  flux  is  created  by  circulating  cur¬ 
rents  in  the  solar  surface.  The  associated  flux  lines  fan  out 
into  space  (often  as  far  as  the  planetary  regions)  and  then 
return  to  the  sun.  During  the  initial  period  where  the  mag¬ 
netic  flux  is  increasing  with  time  electrons  in  the  solar 
plasma  are  accelerated  by  the  inductive  electric  field  in 
orbits  perpendicular  to  the  flux  lines  (Faraday’s  law).  After 
this  initial  acceleration  phase  is  over  (i.e.  the  magnetic  flux 
reached  its  peak  in  time)  these  electron  clouds  are  moving  in 
the  direction  of  the  diverging  flux  away  from  the  sun.  Their 
orbital  kinetic  energy  perpendicular  to  the  flux  lines  is 
thereby  converted  into  axial  kinetic  energy  (parallel  to  the 
flux  lines).  The  energetic  bursts  of  electrons  and  synchrotron 
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radiation  due  to  electron  gyration  are  indeed  observed 
during  solar  flares. 

We  may  also  contemplate  the  following  bunching  mecha¬ 
nism  for  the  second  condition.  In  the  solar  atmosphere,  the 
accelerating  electron  clouds  have  to  travel  in  an  ambient 
plasma  of  density  no~1012cm“3,  thus  Langmuir  waves 
could  be  excited,  for  example,  by  beam-plasma  instability. 
As  a  result,  the  traveling  electron  clouds  become  longitudi¬ 
nally  bunched,  providing  an  acceleration  field  for  the  ions 
following  each  bunch. 

To  estimate  the  acceleration  field,  let  us  consider  the  field 
amplitude  given  by  the  wave  breaking  limit, 


Assuming  nx  10s cm" 3  for  the  electron  beam  and  the 
Langmuir  wave  has  an  amplitude  of,  say,  10%  of  the  value 
at  the  wave  breaking  limit,  to  accelerate  protons  to 
100  MeV  requires  that  the  Langmuir  waves  be  coherent  for 
1000  m.  Of  course,  since  dB/dz  is  so  small,  the  Langmuir 
wave  amplitude  can  be  even  less,  but  then  the  coherence 
length  must  be  longer. 

The  bunching  scale  in  this  model  must  be  of  the  order  of 
X,  the  Langmuir  wavelength.  For  effectively  excited  Lang¬ 
muir  waves  it  is  required  that  Xp  XD,  where  AD  is  the  elec¬ 
tron  Debye  length.  At  a  typical  temperature  of  100  eV  in 
solar  flare  the  Debye  length  is  about  10“ 2  cm.  The  minor 
radius  of  1  cm  we  took  for  the  electron  ring  seems  to  be  a 
reasonable  number  in  this  regards. 

What  we  have  seen  is  that  a  fairly  strong  acceleration 
field  for  ions  may  indeed  by  generated  by  the  excitation  of 
Langmuir  waves  in  solar  plasma.  The  next  question  is 
whether  the  acceleration  could  be  maintained  long  enough 
by  this  process.  According  to  the  linear  theory  of  the  beam- 
plasma  instability  [6],  the  growth  rate  of  the  Langmuir 
waves  given  by  0.7a j(n/n0)1/3  is  around  109sec_1,  where  a>  is 
the  background  electron  plasma  frequency.  At  this  rate  the 
beam  would  lose  its  energy  and  become  thermalized  in 
10“ 9  sec,  which  is  extremely  fast  compared  to  10“ 5  sec,  the 


time  it  takes  to  accelerate  protons  to  100  MeV.  Of  course, 
this  estimate  is  only  an  extrapolation  based  on  the  linear 
theory,  in  fact  a  whole  host  of  nonlinear  phenomena  may 
take  place  well  before  the  Langmuir  waves  reach  the  wave 
breaking  limit.  Therefore  to  really  answer  the  question  on 
the  stability  of  electron  ring  one  has  to  pursue  a  nonlinear 
analysis,  which  is  beyond  the  scope  of  the  present  paper. 

However  we  may  point  out  that  similar  issues  have  been 
raised  for  electron  beams  traveling  far  in  the  corona.  There, 
as  supported  by  the  observations  of  type  III  solar  radio 
bursts,  the  plasma  oscillations  excited  by  traversing  electron 
beams  have  been  known  to  last  much  longer  than  that  pre¬ 
dicted  by  the  quasi-linear  theory.  We  may  also  resort  to  an 
explanation  proposed  for  this  process,  the  beam  recycling 
mechanism  [7],  which  shows  that  beams  highly  inhomoge¬ 
neous  in  their  density  and  velocity  structure  could  maintain 
themselves  against  quasi-linear  diffusion  and  therefore 
sustain  the  excitation  of  the  Langmuir  waves. 
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